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PREFAFF CE

The realization that sphingolipids are important biological mediators that regulate 

a broad range of cellular processes is widely regarded as one of the major advances 

in modern biology in the past 20 years. In addition to their role in energy source and 

in membrane structure, sphingolipids function also as signaling molecules.

This book attempts to analyze the latest discoveries in sphingolipid biology and 

how the alteration of their metabolism leads to altered signaling events and to the

development of pathobiological disorders, such as cancer, cardiovascular diseases,

asthma, diabetes, inflammation and infectious diseases. The volume also provides

additional chapters covering studies of sphingolipids in different system models, such

as Saccharomyces cerevisiae, and plants, and also includes a chapter dedicated on

how bioinformatics can help to decipher specific function(s) of the network of the

sphingolipid pathway(s). The study of sphingolipid functions in these models has

dramatically helped the study of the sphingolipid signaling in mammalian cells.

The book includes a series of mouse animal models currently available for 

studying the role of sphingolipids in embryonic development, aging and a series

of pathological processes. Finally, an Appendix is dedicated to current tools and 

techniques in sphingolipid research that could be particularly useful for current 

and new students and postdoctoral fellows who want to start a research career in

sphingolipids signaling.

Each chapter of this work is self-contained to enable the reader to follow any

individual chapter in isolation. Alternatively, the entire book could be read as one

continuous text.

We hope this book will represent a comprehensive review of the current 

knowledge of sphingolipid signaling and we believe, research scientists can use it as 

a reference for their studies. We have worked particularly to include areas of current 

excitement. Any book is ultimately judged by how well it stands the test of time, but 

another measure of success is when a book stimulates and advances a field so well

that it is ultimately outdated. We invite you to peruse and study the current state of 

knowledge here and hope that it will spur you to further advance the field.

Charles Chalfant, PhD
Maurizio Del Poeta, MD
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An Overview of Sphingolipid 
Metabolism:
From Synthesis to Breakdown
Christopher R. Gault, Lina M. Obeid and Yusuf A. Hannun*

Abstract

Sphingolipids constitute a class of lipids defined by their eighteen carbon amino-alcohol
backbones which are synthesized in the ER from nonsphingolipid precursors. Modification 
of this basic structure is what gives rise to the vast family of sphingolipids that play significant

roles in membrane biology and provide many bioactive metabolites that regulate cell function.
Despite the diversity of structure and function of sphingolipids, their creation and destruction are 
governed by common synthetic and catabolic pathways. In this regard, sphingolipid metabolism
can be imagined as an array of interconnected networks that diverge from a single common entry 
point and converge into a single common breakdown pathway.

In their simplest forms, sphingosine, phytosphingosine and dihydrosphingosine serve as the 
backbones upon which further complexity is achieved. For example, phosphorylation of the C1 
hydroxyl group yields the final breakdown products and/or the important signaling molecules 
sphingosine-1-phosphate, phytosphingosine-1-phosphate and dihydrosphingosine-1-phosphate, 
respectively. On the other hand, acylation of sphingosine, phytosphingosine, or dihydrosphingosine 
with one of several possible acyl CoA molecules through the action of distinct ceramide synthases 
produces the molecules defined as ceramide, phytoceramide, or dihydroceramide. Ceramide, due 
to the differing acyl CoAs that can be used to produce it, is technically a class of molecules rather
than a single molecule and therefore may have different biological functions depending on the 
acyl chain it is composed of.

At the apex of complexity is the group of lipids known as glycosphingolipids (GSL) which 
contain dozens of different sphingolipid species differing by both the order and type of sugar
residues attached to their headgroups. Since these molecules are produced from ceramide precur-
sors, they too may have differences in their acyl chain composition, revealing an additional layer
of variation. The glycosphingolipids are divided broadly into two categories: glucosphingolipids
and galactosphingolipids. The glucosphingolipids depend initially on the enzyme glucosylcer-
amide synthase (GCS) which attaches glucose as the first residue to the C1 hydroxyl position. 
Galactosphingolipids, on the other hand, are generated from galactosylceramide synthase 
(GalCerS), an evolutionarily dissimilar enzyme from GCS. Glycosphingolipids are further
divided based upon further modification by various glycosyltransferases which increases the
potential variation in lipid species by several fold. Far more abundant are the sphingomyelin 
species which are produced in parallel with glycosphingolipids, however they are defined by a 
phosphocholine headgroup rather than the addition of sugar residues. Although sphingomyelin
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species all share a common headgroup, they too are produced from a variety of ceramide species 
and therefore can have differing acyl chains attached to their C-2 amino groups. Whether or
not the differing acyl chain lengths in SMs dictate unique functions or important biophysical 
distinctions has not yet been established. Understanding the function of all the existing gly-
cosphingolipids and sphingomyelin species will be a major undertaking in the future since the 
tools to study and measure these species are only beginning to be developed (see Fig 1 for an 
illustrated depiction of the various sphingolipid structures).

The simple sphingolipids serve both as the precursors and the breakdown products of the more
complex ones. Importantly, in recent decades, these simple sphingolipids have gained attention for
having significant signaling and regulatory roles within cells. In addition, many tools have emerged 
to measure the levels of simple sphingolipids and therefore have become the focus of even more 
intense study in recent years. With this thought in mind, this chapter will pay tribute to the complex
sphingolipids, but focus on the regulation of simple sphingolipid metabolism.

Sphingolipid Properties in Membranes
An important feature of lipid biology is that many of these molecules are restricted to biological

membranes and therefore lipids are governed by a set of rules based on their biophysical properties. 
For example, compartmentalization of a lipid can mean access to both sides of a membrane, access
to only a single leaflet of a bilayer and therefore only a single compartment, or a molecule could
be sufficiently amphipathic that it could diffuse from a membrane and freely traverse the cytosol, 
the lumen of an organelle, or enter the extracellular space. This becomes important to keep in
mind when understanding how compartmentalized enzymes only have effects on a specific pool
of lipid metabolites. It is also important to understand the enzymes that regulate the lipids since 
cytosolic proteins are generally restricted to a single compartment and transmembrane domain

Figure 1. Simple and complex sphingolipid structures. Structures shown: (A) 3-Ketodihydrosphin-
gosine, (B) Dihydrosphingosine, (C) Phytosphingosine, (D) Sphingosine, (E) Sphingosine-1-
Phosphate, (F) Dihydroceramide: Boxed region shows variable acyl chain, (G) Ceramide, (H)
Complex Sphingolipids: Sphingomyelin shown with phosphocholine R group. Substitute R for 
glucose=Glucosylceramide, Substitute R for galactose=Galactosylceramide.
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containing enzymes generally have their catalytic sites facing only one of the leaflets in which a 
bilayer divides.

In the case of sphingolipids, sphingosine and dihydrosphingosine are sufficiently amphipathic
to diffuse between membranes and to flip between membrane leaflets; however, they also are likely 
to accumulate in acidic pH organelles due to ionization of their free amino group. All of the known
enzymes to act upon sphingosine have their catalytic sites facing the cytosolic compartment suggest-
ing that only cytosolic sphingosine is in a modifiable form. Ceramide, on the other hand is restricted 
to membranes, but has a relatively rapid flip rate. Ceramide is therefore likely to be restricted to the 
organelle in which it was created, but may have access to enzymes or binding proteins on either side
of the bilayer in which it was produced. This is important because these enzymes are distributed in 
discrete compartments and therefore ceramide will most likely be modified by whichever enzyme is
within the same compartment in which the ceramide was generated or transported to. Sphingomyelins 
and glycosphingolipids are the most spatially restricted sphingolipids of all since their bulky head-
groups make flipping between membrane leaflets extremely unlikely without the aid of specific
flippases. One such flippase is thought to be present in the Golgi apparatus to aid glucosylceramide
in gaining access to lumenal glycosyltransferases. In the absence of a flippase, sphingomyelin and gly-yy
cosphingolipids are restricted to whichever leaflet they are generated in and since they are generated
in the Golgi lumen, they are mainly present in the lumenal Golgi leaflet or on the outer leaflet of the
plasma membrane after vesicular transport to that location. Finally, the ultimate catabolic products
of all sphingolipids are sphingosine-1-phosphate and dihydrosphingosine-1-phosphate which are
soluble in a hydrophilic environment, but are unable to traverse membranes without the aid of lipid
transporters. Therefore, S1P and DHS1P are also restricted to the hydrophilic compartments in which
they are generated, but can be exported to the extracellular space with the aid of specific transporters 
or be dephosphorylated into a more hydrophobic compound.

Sphingolipid structures differ significantly from kingdom to kingdom and sphingolipid diver-
sity within the animal kingdom itself has been recognized. Despite this diversity being extremely 
fascinating for its implications in evolutionary biology, this chapter will only discuss mammalian
enzymes involved in sphingolipid metabolism. Although many of the critical enzymes in mam-
malian systems could not have been identified without the aid of yeast and other model organ-
isms, for the sake of brevity, unless otherwise stated, the enzymes discussed in this chapter are to
be assumed to be the mammalian form. In addition, the reader may find it useful to utilize figure
2 as an illustrated reference of sphingolipid metabolism as they progress through this chapter. By 
discussing the synthesis and the catabolism of mammalian sphingolipids we hope to bring to light
an understanding of sphingolipids, how sphingolipids are created and destroyed and to define 
more clearly the process by which sphingolipids become distributed to their respective membranes
within mammalian cells.

De Novo Synthesis in the ER
De novo sphingolipid synthesis begins at the cytosolic leaflet of the ER where a set of four

enzyme groups coordinately generate ceramides of different acyl chain lengths from nonsphin-
golipid precursors. Through the coordinated action of Serine palmitoyltransferase, 3-Ketodihy-
drosphingosine Reductase and (dihydro)Ceramide Synthases, the ER is able to convert cytosolic
serine and palmitoyl CoA molecules into a single membrane bound lipid, dihydroceramide. After
its generation, dihydroceramide is acted on by a desaturase which introduces a double bond. This
coordinated anabolic pathway generates the precursors to complex sphingolipids that can serve 
such diverse functions as providing electrical insulation to axons, act as an important hydrophobic
barrier within the epidermis essential for decreasing water loss and regulate red blood cell surface
charge to prevent agglutination, to name just a few important functions.

In this phase of synthesis, complex sphingolipids begin to be diversified through differential ad-
dition of fatty acyl chains at the C2-amino group of the dihydrosphingosine/sphingosine backbone
through the action of ceramide synthases. Variations in ceramide acyl chain length as well as the
use of alpha hydroxylated fatty acids could potentially alter membrane bilayer dynamics, or have 
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differential signaling properties by recruiting different binding partners. The effects of different
acyl chain lengths on ceramide or complex sphingolipid biology are not yet understood.

Serine Palmitoyltransferase and 3-Ketodihydrosphingosine Reductase
The initial reaction in sphingolipid synthesis requires the enzyme serine palmitoyltransferase

(SPT). This reaction occurs through cytosolic serine and palmitoyl CoA condensation to produce 
3-ketodihydrosphingosine.1 SPT is encoded by the genes SPTLC1, SPTLC2 and the recently 
identified SPTLC3.2 Each SPT subunit contains several putative transmembrane domains and
displays Type I topology with its N-terminus directed into the ER lumen, C-terminus facing the
cytosol and its catalytic site facing the cytosol.3 SPT1 and SPT2 form a heterodimer in the ER 
membrane which is likely the active form of the enzyme.4 Although SPT3 shares 40% homology 
to SPT2 and likely can substitute for the SPT2 subunit in the SPT complex, it has not yet been
shown to dimerize with SPT1 and still needs further investigation.2 In yeast, a third subunit of 
SPT, TSC3 plays a major role in regulation of SPT activity by forming a heterotrimer with the 
SPT1 and SPT2 homologues, however, no mammalian homologue to TSC3 has yet been identi-
fied.5 SPT is a member of the �-oxoamine synthase family, a group of enzymes that catalyze the
condensation of amino acids with carboxylic acid CoA thioesters.6 Like other members of this 
family, SPT requires the cofactor pyridoxal 5́ -phosphate (PLP) for catalysis.7 SPT2 is the only 
subunit which binds PLP, however both subunits are required for catalytic activity.4 Hanada et al 
have proposed that SPT2 requires SPT1 for stabilization and that up regulation of SPT1 expres-
sion subsequently leads to an increase in SPT2 expression through protein stabilization. Therefore,
a secondary function of SPT1 other than its contribution to catalytic activity may be simply to
stabilize SPT2 in the ER.6 Whether or not regulation of SPT1 is the primary means by which
SPT activity is regulated is yet to be determined.

Some insight into the functional significance of SPT comes from human patients with Hereditary 
Sensory and Autonomic Neuropathy Type I (HSNI), a disease which, in some families, has been
mapped to a mutation in the SPTLC1 gene on chromosome 9.8 HSNI is an autosomal dominant 
disease that is characterized by progressive degeneration of motor neurons and dorsal ganglia with 
symptoms initiating after the first or second decade.9,10 Measurements of total SPT activity in patient
lymphoblasts showed less than 50% SPT activity within these cells.11 It is significant that patients 
still have a significant amount of SPT activity since in mice, complete lack of either SPT1 or SPT2
was shown to be embryonic lethal.4,12 The mutations responsible for this disease have been identi-
fied as point mutations in Cys133 or Val144 in the SPT1 protein which act in a dominant negative
fashion on SPT activity.8,11 These mutations have been predicted to be localized, based on tertiary 
modeling of other known �-oxoamine synthases, near the catalytic interface of SPT1 and SPT2.
HSNI mutant forms of SPT1 are able to form heterodimers with SPT2, but lack catalytic activity.13

Interestingly, mutations in the SPTLC2 gene were not identified in any of the tested families affected 
by HSNI.14 The recently identified 4 SPTLC3 gene product has homology to SPTLC2 suggesting that
SPT3 may be able to functionally substitute for SPT2 if expressed.2 It is possible that a functional 
SPT3 subunit could mask a partial defect in the SPT2 subunit if they are functionally redundant. 
Although speculative, this could be one explanation for why SPTLC2 mutants are not associated 
with HSNI. Future studies into the interplay between the three SPT subunits will provide further 
insights into how SPT function is determined by its components.

The second step in the synthesis of all sphingolipids is performed by the enzyme 
3-Ketodihydrosphingosine Reductase (KDHR). 3-Ketodihydrosphingosine (KDHSph), the 
direct product of SPT is reduced at its ketone group to a hydroxyl group by KDHR in a NADPH
dependent manner. Only recently were the human and murine genes cloned for this enzyme based 
on a homology screen for the yeast gene TSC10. TSC10 deficient yeast were identified based0
on their build up of KDHSph and their inability to grow on media deficient in KDHSph.15 In
humans the KDHR gene was identified through a homology screen as FVT-1, a gene which was 
originally identified and named for its juxtaposition to the Ig-� gene in a human follicular lym-
phoma.16 Whether or not the FVT-1 translocation was merely coincidental or that it conferred any 
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advantage to the follicular lymphoma is unclear. KDHR is predicted to have three transmembrane
domains and display Type I topology. Like SPT, KDHR has its catalytic site on the cytosolic leaflet
of the ER where it is likely to encounter newly generated KDHSpH.16 KDHSph is a minor lipid
within cells due to the rapid conversion of KDHSph into dihydrosphingosine by the action of 
KDHR. Although poorly studied, KDHR is a critical step in the synthesis of sphingolipids. Its
importance to mammalian physiology has been highlighted by a breed of cattle, recently identified 
with a missense mutation in FVT-1, that become afflicted with bovine spinal muscular atrophy 
and die shortly after birth.17

Dihydroceramide Synthases/Ceramide Synthases and Dihydroceramide
Desaturase

Dihydrosphingosine (DHSph) is further acylated by the action of six distinct (Dihydro) ce-
ramide synthases. In mammals, six distinct (dihydro)ceramide synthases abbreviated as CerS1-6
have been identified and are encoded by six distinct genes.18,19 No other step in sphingolipid 
metabolism has as many genes devoted to it as dihydroceramide synthesis, suggesting that the 
different CerS have distinct functions. There is a significant amount of evidence that each CerS 
has a distinct, but overlapping acyl CoA preference and that each CerS can produce different
dihydroceramide/ceramide species profiles. For example, CerS1 has been shown to prefer stearoyl
CoA as a substrate and mainly produces C18-ceramide species.20 On the other hand, CerS2 utilizes
C20-C26 acyl CoA species and is one of the major CerS responsible for very long chain ceramide 
species.21 Cers5 and CerS6 both prefer palmitoyl CoA as substrates and generate predominantly 
C16-ceramide species.22,23 Finally, CerS3, which is predominantly expressed in the testis and weakly 
in the epidermis, prefers middle and long chain acyl CoAs and is thought to be a contributor to 
large structural sphingolipid molecules that maintain the water barrier in the epidermis.24,25 It is 
still an outstanding question whether or not the bioactive properties associated with ceramide are 
sensitive to differences in acyl chain length and hence different CerS can influence the cellular fate 
of cells by modulating bioactive molecules. Another possibility is that the six different CerS exist 
because differences in the biophysical properties of various ceramide species provide advantages
for specific tissue functions (e.g., epidermal barrier maintenance or myelination). It has already 
been established that the CerS have a significant variation in their tissue expression and that this
correlates with differences in their sphingolipid acyl chain compositions.21

All CerS studied to date have been localized to the ER with their catalytic sites facing the
cytosol. In this manner, CerS are in a position to acylate newly generated DHSph molecules at
their C2-amino groups in the presence of available fatty acyl CoAs.

Very little is known about the regulation of CerS activity in cells although there are clear differ-
ences in CerS expression between different tissues. It is unclear if CerS are predominantly regulated 
at the transcriptional level or if significant posttranslational regulation also occurs. Recently, a S1P
binding site was identified on CerS2, which in vitro inhibited CerS2 activity. This suggests that 
sphingolipid breakdown could negatively regulate a specific subset of CerS activity within cells, 
in this case very long chain ceramide synthesis. Although de novo synthesis of dihydroceramide 
has repeatedly been shown to occur in response to various stress stimuli, the mechanisms by which
this occurs remain opaque. Those that have studied it have suggested that the regulation is post-
translational (e.g., not inhibited by cycloheximide).26

Although the family name of sphingolipids was named after the molecule sphingosine, this
molecule is not actually generated during de novo synthesis. Only through the desaturation of 
dihydroceramide is the molecule sphingosine eventually generated.

Dihydroceramide �4-desaturase (DES) is the member of the desaturase family responsible
for converting the dihydrosphingosine backbone within ceramide into a sphingosine backbone.27

DES utilizes molecular oxygen to first introduce a hydroxyl group into the C4 position of the 
dihydrosphingosine backbone and following a dehydration reaction, with the aid of NADPH,
produces a double bond in the C4-C5 position of dihydroceramide.28-30 Dihydroceramide with a 
double bond introduced at this position is referred to as ceramide. Dihydroceramide �4-desaturase
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(DES1), encoded by the DES1 gene contains multiple transmembrane domains and was recently 
shown to require myristoylation on its N-terminus for full activity.31,32 Like the previous three
enzymes in the sphingolipid biosynthetic pathway, DES1 is embedded in the ER membrane where
it has access to newly synthesized dihydroceramide species.27 It is interesting to note that an inter-
mediate reaction product in the conversion of dihydroceramide to ceramide is 4-hydroxyceramide
which is also known as phytoceramide. Phytoceramide is the predominant ceramide species in 
plants and yeast. Although the enzyme DES1 only converts dihydroceramide species into fully 
desaturated ceramide, a second family member, dihydroceramide C4 hydroxylase/�4-desaturase 
(DES2), is capable of creating either phytoceramide or ceramide from dihydroceramide precur-
sors.33 Therefore, it is not surprising that DES2 is highly expressed in the intestines, kidneys and skin 
where phytoceramides are present in high abundance.34,33 The differences in biophysical properties 
between dihydroceramide, ceramide and phytoceramide are not entirely clear, however, one may 
speculate that the addition of a hydroxyl group into the sphingosine backbone may increase lipid
packing in the membrane by increasing the amount of hydrogen bonding at the interfacial region
of the membrane. It has been shown repeatedly that ceramide has distinct signaling properties 
from dihydroceramide and phytoceramide, suggesting that, if nothing else, cells have evolved to
recognize ceramide as a more significant determinant to initiate a cellular response to in most cells.35

The recent report of the phenotype of the Des1–/– mice suggests that the inability to form ceramide
leads to serious consequences for mammalian physiology. Des1–/– mice have highly elevated dihy-
droceramide, low levels of ceramide, multi-organ dysfunction and failure to thrive.36

Ceramide Transport from the ER to the Golgi
Ceramide is a membrane bound molecule that has very low solubility in an aqueous environ-

ment and therefore, a cell must find a way to transport it from one membrane to another. The 
cell employs two major mechanisms to mobilize ceramide; either through vesicular transport or
through the protein ceramide transfer protein (CERT). CERT is a cytosolic protein that transfers 
ceramide from the ER, where it is generated, to the Golgi apparatus where it can be modified
into sphingomyelins and possibly glycosphingolipids. The CERT protein is composed of at least
four functional domains that determine its function. The N-terminus of CERT contains a PH
domain which is able to recognize PI4P on acceptor Golgi membranes and therefore allows for

Figure 2. The sphingolipid metabolic network.
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directed transport to the Golgi. A FFAT domain in the middle of the protein serves an analogous
function to the PH domain but for donor membrane recognition. The FFAT domain is thought
to allow its binding to ER resident VAP proteins and therefore CERT can only accept ceramides
from the ER, something that may have implications for cellular signaling.37 The C-terminus of 
CERT contains a START domain which provides a hydrophobic pocket responsible for the direct
binding of ceramide and allows for its delivery to the Golgi through an aqueous environment. In 
vitro studies with CERT have shown that phosphorylation of CERT at multiple serine residues,
by an unidentified kinase, result in an autoinhibitory binding event that occurs between both
the START domain and the PH domain.38 The in vivo significance of CERT phosphorylation
is unclear and remains to be seen. On the other hand, a globular domain between the PH and
START domain has been shown to be responsible for homotrimer formation during UV stress
in keratinocytes, however, this was shown to be phosphorylation independent. It is unclear if 
oligomerization, or potentially phosphorylation, is a general mechanism by which cellular stresses 
can inactivate CERT.39

CERT was originally identified as the responsible mutant in a CHO cell line, LY-A, that was
resistant to hemolysis by the sphingomyelin-dependent celomate toxin lysenin.40,41 CERT displays
a preference for ceramide species with acyl chains less than C22. Although CERT still transfers
C22 and C24:1 ceramide, it does so with 40% the efficiency of shorter chain species.38,42 In ad-
dition, CERT showed minimal to no transfer of C24 ceramide. CERT is also able to recognize 
dihydroceramide and phytoceramide although less effectively than ceramide.38 Ceramide which is 
transported to the Golgi by CERT is preferentially incorporated into SM over glycosphingolipids.41

Since CERT has preference for specific chain lengths, this may have implications for which forms 
of ceramide are preferentially utilized for SM synthesis and which ceramide species are preferred
for glycosphingolipid utilization. If this is true, then one could speculate that relative SM and
glycosphingolipid synthesis could be regulated by shifting CerS expression from predominantly 
long chain specific CerS to very long chain specific CerS and vice versa.

An alternative pathway exists for the transport of ceramide species to the Golgi which is
coatomer protein dependent and is based on vesicular transport.43 Less is known about how this
pathway is regulated, however, this is thought to be the major pathway responsible for delivering 
ceramide to the cis-Golgi for glycosphingolipid synthesis. Clearly, our knowledge of how ceramide
species can be transported from the ER to the Golgi for regulated glycosphingolipid synthesis is
incomplete.

Synthesis of Complex Sphingolipids
Complex sphingolipids are divided into three major groups based on the primary residue

attached to their C1-hydroxy headgroup. This classification also captures the three biosynthetic 
pathways, spatially separated within the ER and the Golgi complex, that generate an immense
diversity of glycosphingolipids and sphingomyelins. The three major enzymes that regulate com-
plex sphingolipid biosynthesis are ceramide galactosyltransferase, glucosylceramide synthase and
sphingomyelin synthase.

Ceramide Galactosyltransferase and Galactosphingolipids
Ceramide galactosyltransferase (CGT) utilizes UDP-galactose and ceramide to create 

galactosylceramide. CGT is an ER transmembrane protein that has its catalytic site facing the
lumen of the ER. It is structurally related to UDP-glucuronosyltransferases, an enzyme critical
to Type II biotransformation of xenobiotics and porphyrin metabolism.44 CGT has a limited 
tissue distribution with expression being detected primarily in schwann cells, oligodendrocytes, 
kidneys, testis and intestines. In the central nervous system, the product galactosylceramide (and
its subsequent metabolite, sulfatide) is highly enriched in myelin. CGT knockout mice display a 
tremor phenotype, severe motor weakness due to loss of nerve conduction, male infertility and 
premature death.45,46 Interestingly, the neuronal phenotype in mice lacking CGT can be rescued 
by expression of an oligodendrocyte specific CGT gene suggesting that galactosylceramide is
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extremely important for oligodendrocyte function.47 Galactosylceramide is a precursor for sulfati-
des and many of the myelination defects may be due to a lack of sulfatide production. Evidence 
for this comes from mice deficient in the enzyme galactosylceramide sulfotransferase, the enzyme
responsible for sulfatide production from galactosylceramide, which have major defects in myeli-
nation, although their pathology is less severe than an outright CGT knockout mouse.48

Glucosylceramide Synthase and Derivatives of Glucosylceramide
Glucosylceramide is synthesized in the cis-Golgi from ceramide and UDP-glucose by the

enzyme glucosylceramide synthase (GCS).49 GCS is a transmembrane protein present on the
cis-Golgi and it has its catalytic site facing the cytosol where newly produced glucosylceramide 
can be recognized by the lipid transport protein FAPP2.50,51 Some reports suggest that FAPP2 
transports glucosylceramide back to the ER where it is translocated from the inner leaflet to the
outer leaflet, however, this point remains to be resolved.

Unlike galactosylceramide, glucosylceramide (GC) is an absolutely essential sphingolipid for 
the development of mammals.52 Mice lacking GCS do not survive to term. The loss of GCS results 
in embryonic lethality at embryonic day 6.5-7.5 when gastrulation is occurring.52 This specific
defect can be rescued by the addition of exogenous GC to the embryos. Glucosylceramide is the
precursor for the majority of all glycosphingolipids that can be produced by a mammal and these 
glycosphingolipids are likely to play an essential role in cell-cell recognition during embryonic 
and postnatal development.52

Tissue specific knockouts of GCS within the nervous system and the skin have been created. 
Absence of GCS in the epidermis leads to defects in lamellar body formation which are major
contributors to the hydrophobic barrier of the skin. These lamellar body defects lead to rapid water
loss due to excessive evaporation and eventual lethality several days after birth.53 Absence of GCS
specifically in neuronal tissue, on the other hand, leads to premature death 11-24 days after birth,
suggesting that glycosphingolipids are necessary for neuronal function and proper brain matura-
tion. Unusually, no histological defects could be identified in the brains of the neuron specific
GCS knockout mice through light microscopy examination or electron microscopic evaluation
of synapses despite their obvious phenotypic differences. However, in vitro studies of primary hip-
pocampal neurons from GCS deficient mice showed defects in neurite outgrowth in culture.54,55

Sphingomyelin Synthesis
The most abundant complex sphingolipids in mammalian cells are the sphingomyelin species.

Evidence for the essential role that sphingomyelin has in eukaryotic cell viability is displayed by 
the inability of mammalian or yeast cells to survive in culture when they are unable to produce
sphingomyelin either through CERT mutation or defects in de novo sphingolipid synthesis. It 
is interesting to note that this absolute requirement for a sphingolipid is not true for glucosyl-
ceramide or galactosylceramide which, although critical for mammalian development and tissue
specific functions are not required for the viability of cells in culture. The precise single function 
that sphingomyelin fulfills which is absolutely necessary for cell survival is not clear due to sphin-
gomyelin’s many known functions in membrane biology.

Sphingomyelin is produced by the action of sphingomyelin synthases. There are at least two 
members of the sphingomyelin synthase family in most mammalian species56 and possibly a third 
family member known as SMSr.57 The sphingomyelin synthases (SMS) are evolutionarily similar 
to the lipid phosphate phosphatase family which have six transmembrane domains and have their 
catalytic domains facing the luminal or exoplasmic leaflet of the membrane.57 Like their cousins, 
the SMS family constituents also have six transmembrane domains and are oriented with their
catalytic sites facing the Golgi lumen or extracellular space. Sphingomyelin synthases 1 and 2 
are both present in the trans-Golgi, however, SMS2 is also localized to the plasma membrane. 
Therefore, SMS2 may also have a unique function in maintaining plasma membrane sphingo-
myelin content directly at the plasma membrane. Generation of sphingomyelin occurs through 
the transfer of a phosphocholine headgroup from phosphatidylcholine to ceramide yielding the 
products diacylglycerol (DAG) and sphingomyelin (SM). Since both ceramide and DAG have 
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been identified as bioactive lipids with opposing effects on cellular proliferation and survival,
SMS has also been proposed to play an essential role in regulating cellular fate. A recent study 
has implicated SMS in generating DAG in the Golgi with effects on PKC.58 Because SMS activ-
ity directly regulates the level of sphingomyelin, ceramide, DAG and PC simultaneously, direct 
effects of SMS products on biological processes have been difficult to elucidate to date.

Ceramide Kinase and Ceramide-1-Phosphate
Although ceramide is primarily converted into more complex sphingolipids in the Golgi,

ceramide can also be phosphorylated to produce ceramide-1-phosphate (C1P). C1P is produced
in the trans-Golgi and potentially the plasma membrane, by ceramide kinase (CERK). CERK, a 
member of the DAG kinase family, was originally identified based on its homology to sphingosine 
kinase. Unlike the sphingosine kinases, CERK only utilizes ceramide as a substrate and has no
activity for sphingosine or DAG (Sugiura 2002). CERK activity is enhanced in the presence of 
calcium or magnesium and contains a putative calmodulin-like domain. In addition, ceramide
kinase has specificity for sphingosine containing ceramides since it has very low activity against 
dihydroceramide and phytoceramide species.59, 60 Among the ceramide species it recognizes,
CERK prefers ceramide species with acyl chain lengths greater than 12 carbons long, however, no
preference was observed for the degree of saturation.60 The measurement of C1P levels in A549
lung adenocarcinoma cells revealed an enrichment of C1P species containing acyl chain lengths 
of C16, C18 and C20 relative to their respective ceramide species.61 The enrichment for particular
ceramide species for C1P was suggested to be due to specific delivery of ceramides to the trans-Golgi
by CERT, a lipid transport protein which is biased for ceramide species with acyl chain lengths
less than 22 carbons.62 Knockdown of CERT using RNA interference led to a decrease in C1P 
levels in A549 cells. A separate study using a pharmacological approach for CERT inhibition,
found that inhibiting CERT had no effect on C1P production, but still inhibited sphingomyelin 
production.61,63 It is unclear if these differences were due to intrinsic differences in the cell types
studied (human lung versus mouse macrophage) or due to nonspecific effects of either approach.
Future studies are needed to resolve this discrepancy.

CERK displays significant homology to other DAG kinases, however it also contains a 
N-terminal myristoylation site and a pleckstrin homology (PH) domain.64 The PH domain targets 
CERK to PIP2 containing membranes, but is also necessary for enzymatic activity. Several studies
have shown that CERK is localized to the trans-Golgi in a PH dependent manner. C1P generated 
in the Golgi can act as a docking site for cytosolic PLA2 and enhances arachidonic acid release. In 
addition, CERK translocates to the plasma membrane in response to osmotic swelling, an insult 
that enhances PIP2 on the plasma membrane. Translocation of CERK to the plasma membrane 
was shown to also be dependent on its PH domain.

The generation of a Cerk–/– mouse has provided some clues to CERK function in vivo. Cerk–/–

mice are fully viable and show no gross phenotypic changes suggesting that CERK is not essential 
for development. Lipid analysis of serum from Cerk–/– revealed greatly elevated ceramides, but de-
creased dihydroceramides suggesting that CERK contributes significantly to ceramide metabolism 
in the serum.59 Upon closer examination, Cerk–/– mice were found to have a normal level of C1P
in their brains, despite a lack of CERK activity, suggesting that C1P can be produced through a 
mechanism independent of CERK.65 Behavioral testing of the mice did, however, show abnormal 
emotional behavior based on an increase in ambulation and defecation frequencies in an open field
test.65 More recently, the Cerk–/– mice were found to have significant neutropenia under basal condi-
tions. When these mice were challenged with S. pneumoniae they succumbed to lethal pneumonia e
earlier than wildtype mice and had a higher bacterial burden in their lungs.66

A CERK homologue formerly named retinitis pigmentosa 26, RP26, but recently renamed
CERKL, or CERK-like, has been identified. Since this gene has been implicated in a human form 
of retinitis pigmentosa it was initially suspected that C1P might play an essential role in retinal 
biology. Initial expression studies of CERKL expressed in cells failed to detect any CERK activity 
drawing into question if CERKL was an actual ceramide kinase.67,68 After generation of a CERKL



10 Sphingolipids as Signaling and Regulatory Molecules

knockout mouse, it was determined that Cerkl–/–ll mice had no alterations in retinal C1P, ceramide,
or CERK activity.59 CERK–/–KK  mice, on the other hand, had 80% less C1P levels and elevated
ceramides suggesting that CERK is the major enzyme responsible for C1P in the retina.59 Taken 
together, it is unlikely that CERKL is a true ceramide kinase, but may have a separate function
which is essential for retinal cells. Also, it is interesting to note that this study found that the retina 
of Cerk–/– mice had greatly reduced C1P levels, whereas previous studies have shown that whole 
brain C1P in these mice was unchanged.59,65 Future studies will help address the contribution of 
CERK to C1P levels and potentially identify other enzymes involved in C1P production.

C1P levels are regulated both by its synthesis through CERK, but also by its dephosphorylation
back into ceramide. It is unclear how ceramide-1-phosphate is dephosphorylated, however, several 
groups have reported C1P phosphatase activity in plasma membrane fractions in both the liver 
and brain.69-71 C1P has been shown to traffic through the secretory pathway to reach the plasma 
membrane where it could potentially be dephosphorylated by C1P phosphatases.63 Also, C1P
appears to be a substrate for nonspecific lipid phosphatases of the LPP family.

Catabolizing Complex Sphingolipids and Sphingomyelins 
into Ceramide

There is a significant tradeoff between the ability of an organism to produce a novel advanta-
geous lipid and the potential that the organism is incapable of catabolizing the same lipid, resulting 
in accumulation of a lipid product in cells or tissues. Lipids pose an additional problem in that
they can not be excreted as readily as other more hydrophilic molecules and therefore tend to ac-
cumulate within cells when they can not be destroyed. As such, it is not surprising that for every 
enzyme capable of generating a specific sphingolipid, there exists an ‘opposing’ enzyme capable of 
breaking down the generated product. Indeed, the mutation of specific catabolic enzymes is the
general principle behind lipid storage diseases and defects in sphingolipid catabolizing enzymes are
responsible for a significant number of these diseases. Due to the limited scope of this chapter, the 
reader is referred to several recent reviews on lipid storage diseases for more expansive information 
on the variety of lipid storage diseases due to glycosphingolipid enzyme mutations.72,73 Suffice it
to say that many lysosomal hydrolases are necessary for the coordinated breakdown of complex
glycosphingolipids and the absence of any single one of these results in the accumulation of its
respective substrate.

Sphingomyelin is the most abundant complex sphingolipid in human cells. Therefore, coor-
dinated breakdown of sphingomyelin is an essential part of membrane homeostasis. Breakdown
of sphingomyelin occurs through the hydrolysis of the phosphocholine headgroups by the sphin-
gomyelinase family. The direct result of sphingomyelin hydrolysis is the production of ceramide
and free phosphocholine. The mammalian sphingomyelinases fall into three major categories
based upon their pH optimum: acid sphingomyelinase, alkaline sphingomyelinase and the neutral
sphingomyelinases. Although all three forms of sphingomyelinases catalyze a similar reaction, these
three groups of enzymes are evolutionarily unrelated and have different subcellular distributions.
Alkaline sphingomyelinase, which is exclusively expressed in the intestine and liver, plays a role
in the digestion of dietary sphingomyelin and will not be discussed further in this section.74 Acid
sphingomyelinase and neutral sphingomyelinase are ubiquitously expressed and serve as the major
regulators of SM catabolism in most tissues and will be discussed in more detail.

Acid sphingomyelinase (ASMase) was the first sphingomyelinase to be characterized in mam-
malian cells. ASMase is predominantly a lysosomal protein which metabolizes sphingomyelin
present on endosomal membranes. Lysosomal ASMase becomes N-glycosylated on at least six 
residues within the ER which stabilizes the enzyme structure and provides protection from pro-
teolysis within the lysosomes. ASMase also becomes mannose-6 phosphorylated within the Golgi 
which directs it into the lysosomal compartment where it is most active.75 The ability of ASMase
to reach the lysosomal compartment is essential for its ability to catabolize sphingomyelin.

ASMase is also secreted into the extracellular space (where it is often referred to as secretory 
SMase) where it has access to sphingomyelin-containing lipoproteins which are abundant in the 
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plasma.76 In addition, secretory ASMase can metabolize outer leaflet SM on the plasma membrane.
Secretory ASMase, unlike the lysosomal form, requires zinc for sphingomyelinase activity. It is 
unclear how the secretion of ASMase is regulated, but it appears to be through the constitutive
secretory pathway. Moreover, the function of secretory ASMase is still unclear, but is thought 
to play a role in reducing plasma SM content and may play a role in cellular stress responses by 
generating plasma membrane localized ceramide with a specific signaling role.

Insights into the significance of the acid sphingomyelinase protein, encoded by the gene 
SMPD1, come from a human lysosomal storage disorder Niemann Pick Disease Types A (NPD
A) and B (NPD B).77 Complete absence of a functional ASMase gene product results in NPD A 
which is characterized by a progressive neurodegenerative disease with psychomotor retardation, 
retinal cherry red spots, hepatosplenomegaly, lung disease and premature death. Patients afflicted 
with NPD A usually do not live past the age of three. A mouse model of NPD A, Smpd1–/–,
exhibits growth defects similar to the human disease and also dies prematurely around 4 months 
of age.78 NPD B, on the other hand, is a less severe form of the disease that lacks neuronopathic 
symptoms, however, hepatosplenomegaly and lung disease still occur. Fortunately, individu-
als afflicted with NPD B are able to survive into adulthood. The NPD B phenotype has been 
mimicked in mice by fusing a Smpd1 transgene to the LAMP1 gene.79 In these mice there is
complete absence of secretory SMase, but low level lysosomal ASMase activity. Future studies
will dissect which symptoms of NPD are likely due to a lack of secretory ASMase function and
which symptoms are associated with lysosomal ASMase function, thereby elucidating further
some of the specific functions of each form of the enzyme.

Within the past decade, three different mammalian neutral sphingomyelinase (NSMase) genes 
have been identified, SMPD2, SMPD3 and SMPD4, although, the first NSMase gene discovered, 
SMPD2, is not likely to function as a SMase, but rather as a lyso-PAF phospholipase C.80 To further 
muddy the point, mice lacking the Smpd2 gene have a decreased tissue SMase activity, but have 
no alteration in tissue SM levels.81

The best characterized NSMase to date is NSmase 2. NSMase 2 contains two highly hydro-
phobic domains, that may function as membrane anchors but not full transmembrane domains.82

Unusually, N-SMase2 is thought to have its catalytic site facing the cytosolic leaflet of either the
Golgi or plasma membrane. This orientation for a SMase is unusual since SM is thought to be
relatively excluded from the cytosolic leaflet.82 Interestingly, NSMase2 localizes to the Golgi under 
subconfluent conditions, however upon reaching confluence, NSMase2 translocates to the plasma 
membrane.83 It was later shown that plasma membrane association is highly dependent upon its 
palmitoylation on multiple cysteine residues.82

NSMase2 overexpression, in the absence of a specific stimulus causes degradation of sphingomy-yy
elin into ceramide with a preference for C24:0 and C24:1 species.83 Generation of C24 and C24:1
ceramide during confluence dependent growth arrest was dependent on NSMase 2 suggesting 
that generation of specific ceramide species could have specific effects on growth arrest.83 These
results also suggest that NSMase2 either has specificity for very long chain sphingomyelin species
or that very long chain sphingomyelins are enriched in the inner leaflet of the plasma membrane. 
Since most sphingomyelin species are thought to be localized to the outer leaflet of the plasma 
membrane or the luminal side of the Golgi, it is a mystery how NSMase2 with an inner leaflet 
catalytic site could access its substrate. The condundrum of how NSMase2 reaches its substrate
undoubtedly puts into question some existing paradigms about sphingomyelin localization in
membrane leaflets.

The generation of a Smpd3–/– mice has provided some insights into the physiological role of 
NSMase 2.84 Smpd3–/– mice display severe growth retardation, organ hypoplasia, delayed pu-
berty and skeletal defects. Upon further examination, a combined pituitary hormone deficiency 
was discovered in these mice and a significant decrease in serum IGF-1, TSH and GnRH was 
found. Due to the complex interactions between the pituitary hormones and target tissues it is
difficult to dissect which symptoms are due to hormone deficiency and which defects are due to
primary organ defects. Some insight into this was provided by the generation of a chondrocyte 
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specific SMPD3 expression mouse. When the chondrocyte specific SMPD3 mouse was crossed 
with the Smpd3–/– mouse, there was an absence of skeletal defects, suggesting that chondrocyte
specific NSMase2 activity is essential for skeletal development.85 Despite the dramatic pathology 
observed with the Smpd3–/– mouse, it is still difficult to understand how the NSMase2 knockout
phenotype correlates with an intracellular role of NSMase 2 in sphingomyelin generation. Further
characterizing the cellular dysfunction in the Smpd3–/– mouse in parallel with further character-
izing N-SMase 2 in vitro will shed light on a murky area of sphingolipid biology and provide new 
insights into cell biology as a whole.

Finally, a third NSMase, NSMase3 has recently been identified which is encoded by the SMPD4
gene.86 Interestingly, NSMase3 is localized to the ER and possibly the Golgi. It was found to contain
at least one transmembrane domain and potentially more along with an ER retention signal.87

NSMase3 is predominantly expressed in skeletal and cardiac muscle with minor expression in 
many other tissues. It will be interesting to see how an ER localized SMase can affect sphingolipid 
metabolism since SM is not thought to be present in the ER compartment.

The Catabolism of Ceramides and the Final Common Breakdown 
Pathway

Just as a few sphingolipid precursors are generated to produce hundreds of different sphin-
golipids, all sphingolipids are eventually catabolized to ceramide, sphingosine and finally,
sphingosine-1-phosphate. The deacylation of ceramide species is achieved through the family of 
enzymes known as ceramidases. These ceramidases have organelle specific expression and may have 
specificity for different forms of ceramide to bias a cell towards the generation of complex sphin-
golipids with specific sphingoid bases. Organelle specific expression also allows for the possibility 
to serve as negative regulators of organelle specific ceramide signaling. After ceramide is deacylated 
into sphingosine, the conversion of sphingosine to sphingosine-1-phosphate is achieved through
one of two sphingosine kinases localized in the cytosol or peripherally associated with specific 
membrane compartments. In the final step of sphingolipid breakdown, sphingosine-1-phosphate
is degraded by the enzyme sphingosine-1-phosphate lyase in the ER to produce hexadecenal and 
phosphoethanolamine.

Acid, Neutral and Alkaline Ceramidases
The ceramidases, like many other sphingolipid enzymes, have been classified biochemically 

according to their pH optima. Acid ceramidase (AC), as its name suggests, is a lysosomal enzyme
which deacylates ceramide species produced from the degradation of plasma membrane sphin-
golipids. AC, encoded by the ASAH1 gene, is a member of the N-terminal nucleophile (Ntn)
hydrolase superfamily. Members of the Ntn family are characterized by their ability to undergo
autoproteolytic cleavage through cysteine dependent proteolysis. Interestingly, this processing was 
shown to be accelerated at pH 4.5 when compared to neutral pH. This pH dependent maturation
is likely a mechanism that has evolved to prevent premature activation of AC prior to it reaching 
the lysosomal compartment. AC activity was shown to be higher against C12 and C14 ceramide 
species compared with C6 or C18 ceramide species.88 Although it has been reported that AC has 
the greatest activity against medium and long-chain ceramide species, it is difficult to imagine how 
very long-chain ceramides would be processed in a compartment where AC is the only known 
ceramidase.88 Therefore, it is likely that very long-chain ceramide containing sphingolipids are 
either excluded from the endolysosomal compartment or that AC is able to degrade these very 
long chain ceramides albeit at a slower rate or with the aid of an accessory protein.

The significance of AC in mammalian systems is reinforced by its role in the human lipid stor-
age disease Farber lipogranulomatosis. Farber disease is an autosomal recessive disorder due to a 
dysfunctional AC gene product. Farber’s disease is characterized by early onset arthritis, swollen 
lymph nodes, psychomotor difficulties and vocal cord pathology. Complete absence of AC 
expression in a mouse model results in embryonic lethality at a very early stage in development.89

Mice heterozygous for AC develop a progressive lipid storage disease due to ceramide accumulation
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in the liver, skin, lungs and bones. The striking phenotype of the AC heterozygous mice raises
questions about its implications for human disease. One could imagine that a heterozygous defect
in AC within a human population may lead to a progressive lipid storage disorder that may only 
express itself with advanced age. Answers to questions like these will most likely be revealed when
human genome sequencing becomes more widespread.

Neutral ceramidase, the most active ceramidase at neutral pH is encoded by the ASAH2 gene. 
Neutral ceramidase (NC) is synthesized through the secretory pathway as a Type II integral mem-
brane protein. NC can be cleaved at its N-terminus to produce a soluble protein that peripherally 
associates with the outer leaflet of the plasma membrane. NC contains mucin box domains which
are highly O-glycosylated and are necessary for plasma membrane association.90 NC associated
with the plasma membrane is an important regulator of sphingosine and sphingosine-1-phosphate 
(S1P) production and for S1P release.91 In addition, NC is highly expressed in the intestinal epi-
thelium and contributes to the digestion of dietary sphingolipids.92,93 Asah2–/– mice showed an 
inability to metabolize dietary ceramides. Although, sphingosine and ceramide levels were normal
in the brain, liver and kidney of Asah2–/– mice, the intestines had a significantly increased C16:0 
ceramide content but a reduced sphingosine content. Due to an absence of visible pathology in 
the Asah2–/– mice, it is unclear what role NC plays in nonintestinal tissues, if any.92 Future studies
with the Asah2–/– mice may reveal subtle or previously uncharacterized, but important functions 
for this gene under specific stresses.

The alkaline ceramidases (ACERs) contain three separate family members: alkaline cerami-
dases 1, 2 and 3 are encoded by the ASAH3,94 ASAH3L95 and PHCA96 genes respectively, which 
share significant homology to one another. These ACERs differ in subcellular localizations and 
substrate specificity although they have alkaline pH optima for their in vitro activity and are acti-
vated by calcium ion in vitro.97 ACER1 is mainly expressed in the epidermis, whereas ACER2 and 
ACER3 are expressed in various tissues. ACER1 has multiple putative transmembrane domains
and is localized to the ER.94,98 Interestingly, ACER1 has marked substrate specificity for C24 and 
C24:1 ceramides, but has no activity against dihydroceramides or phytoceramides.94,98 This highly 
restricted substrate specificity may prevent phytoceramide species from being degraded because 
the skin is one of the limited tissues that is enriched in these types of ceramides.

ACER2, also referred to as Golgi alkaline ceramidase, is highly expressed in the placenta, but 
its low expression can be detected in most tissues. Like its homologue ACER1, ACER2 has several 
putative transmembrane domains, however, ACER2 is localized to the Golgi complex. ACER2 has
a less restricted substrate specificity since it also metabolizes other long-chain ceramides C16, C18

and C20 ceramide species and long-chain dihydroceramides and phytoceramides with an unsatu-
rated acyl chain, in addition to C24 and C24:1 species (Cungui Mao personal communication). 
ACER2 requires calcium ions but not other cations for its activity.

ACER3 was previously called phytoceramidase because it was found to have higher in vitro
activity towards the artificial fluorescent phytoceramide D-ribo-C12-NBD-phytoceramide, than
towards NBD-ceramide or NBD-dihydroceramide.96 Mao et al recently found that ACER3 only 
catalyzes the hydrolysis of natural phytoceramide, dihydroceramide and ceramides carrying an 
unsaturated fatty acid (�C20) (Cungui Mao personal communication). ACER3 appears to be 
the only ceramidase identified in mammals which has a preference for phytoceramide species. 
Its tissue expression is widespread, but, like ACER2, is highly expressed in the placenta. ACER3
is localized to both the ER and Golgi complex, with a C-terminal ER retention sequence.96

Interestingly, its activity is inhibited by sphingosine, but not by dihydrosphingosine or phy-
tosphingosine. The significance of this mammalian ceramidase remains to be seen, but its unusual 
specificity for phytoceramide raises questions about the unique functions of phytoceramide 
containing sphingolipids.

Although investigation has begun to classify and characterize the different biochemical proper-
ties of the ceramidases, much still remains to be done to define the specific functions of each alkaline 
ceramidase. The generation of the three alkaline ceramidase knockout mice will undoubtedly shed 
further light on this subject.
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Sphingosine-1-Phosphate and Sphingosine Kinases 1 and 2
The two sphingosine kinases (SK), SK1 and SK2 are members of the DAG kinase family.99

Both enzymes utilize ATP to phosphorylate the C-1 hydroxy group of free sphingosine, dihy-
drosphingosine, or, in the case of SK2, also phytosphingosine. Both sphingosine kinases are
cytosolic enzymes that peripherally associate with membranes. Regulation of sphingosine kinase
localization within the cell is thought to be the primary mode by which these enzymes acutely 
affect sphingolipid metabolism since only modest changes in their activity can be detected after
stimulation by various agonists.100,101 In addition, SK enzymes are regulated transcriptionally by a 
variety of stimuli,102-104 Although SK1 and SK2 both catalyze the same reaction, they have slight
differences in their substrate specificities and have distinct, but overlapping, subcellular localiza-
tions which determine their effects on specific sphingolipid compartments within cells.

Sphingosine kinase 1 (SK1) is a cytosolic enzyme, but it can associate with the plasma 
membrane, move into the nucleus and even be secreted from cells.100,105-108 The first major 
insight into the regulation of SK1 activity first came when it was shown that SK1 translocates 
from the cytoplasm to the plasma membrane in response to phorbol ester treatment.100 Shortly 
after this, translocation to the plasma membrane was shown to be phosphorylation dependent
and that ERK2 was the kinase responsible for this phosphorylation.101 Later work showed that 
phosphorylation of SK1 lead to its enhanced affinity to anionic phospholipids such as PS, PI and 
PA which are in high abundance on the inner leaflet of the plasma membrane.109 The metabolic
significance of SK1 translocation to the plasma membrane was shown to be enhancement of 
S1P production and extracellular release of S1P.100,110 This agonist induced translocation of SK1
through phosphorylation by ERK2, has become the general paradigm for S1P signaling and
receptor activation in response to various agonists. It is worth noting that many different growth
factors converge on SK1 as an intracellular target for downstream signaling. These include, but 
are not limited to, PDGF, VEGF, NGF, EGF, Insulin and IGF-1. Activation of SK1 was shown
to be necessary for the proliferative effects of many different growth factors.111-116 Whether or
not all of these growth factors act through the same intracellular signaling pathway to activate
SK1 remains to be tested. The reader is referred to several good reviews on SK1 for more detailed 
information on its signaling role in proliferation and survival.35,117,118

Although phosphorylation dependent translocation of SK1 to the plasma membrane has been
the best defined mechanism by which SK1 activity is regulated, SK1 also traffics through the
nucleus. SK1 was shown to have two putative nuclear export sequences (NES) which are necessary 
for SK1 to leave the nucleus.107 It is unclear how SK1 introduction into the nucleus is regulated,
but deletion of the two nuclear export sequences present on SK1, lead to nuclear accumulation 
of SK1. The effect nuclear trafficking of SK1 has on sphingolipid metabolism is unclear, but at-
tachment of a nuclear localization sequence on SK1 inhibited cellular proliferation through an
unknown mechanism.119

In addition, SK1 has been shown to be secreted from endothelial cells, however, the physi-
ological significance of this is not clear. An interesting discovery will be the route by which an
exclusively cytosolic protein gets secreted from endothelial cells. Analysis of SK in endothelial
cells showed that secretion was constitutive and not regulated by agonist stimulation.106 It
has been suggested that extracellular SK can generate S1P in the extracellular space following 
coordinated hydrolysis of plasma SM by secretory SMase and NCDase.120 Some evidence for
SK secretion occurring in vivo comes from Venkataraman et al. A significant amount of soluble
SK activity was found in the serum of wildtype, but not SphK1–/– mice suggesting that SK1
is indeed released into the blood of mice.121 Once again, the physiological significance of SK1
release remains to be determined.

In addition to its effects on promoting proliferation, SK1 has plays an important role in
survival and resistance to chemotherapy.122 Overexpression of SK1 correlates with a resistance to 
chemotherapeutic agents.123 In addition, overexpressing SK1 in sensitive cells can induce resistance 
to chemotherapy.105 Importantly, it has been shown that SK1 degradation is a downstream event
in the DNA damage response.124 Apoptosis inducing agents, such as TNF-� or various DNA 
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damaging agents lead to degradation of SK1 through a Cathepsin B dependent mechanism.125

In vitro characterization of SK1 degradation has shown that cathepsin B degrades SK1 through 
a stepwise cleavage, first at Histidine 122 followed by cleavage at Arginine 199.126 How DNA 
damaging agents or death inducing ligands, such as TNF-�, induce degradation of cytosolic SK1
through lysosomal localized cathepsin B is not yet clear. Future studies will better define how SK1
contributes to survival and how its degradation is involved in apoptosis.

Sphingosine kinase 2, the lesser studied isoform of the two, is predominantly localized in the
nucleus or perinuclear region of a cell. SK2 has broader substrate specificity than SK1 and is able
to phosphorylate phytosphingosine as well as sphingosine and dihydrosphingosine. Early reports 
on SK2 function suggest that it enhances apoptotic responses and can induce apoptosis through 
overexpression.127 This is in contrast to SK1, which enhances survival of cells when overexpressed 
and allows for resistance to apoptosis inducing agents.122 Due to its perinuclear localization,
SK2 is thought to produce phosphate bases distal from the plasma membrane, where ABC 
transporters are less likely to export them into the extracellular space.128 Another explanation
for their disparate functions comes from a recent study suggesting that SK2 uniquely couples
to sphingosine phosphate phosphatase 1 (SPP1) which generates free sphingosine for ceramide 
synthesis.129 Interestingly, predominantly C16, C18 and C20 ceramide species were produced 
through this pathway, suggesting that the recycling pathway through SK2 and SPP1 may couple
to specific ceramide synthases. Importantly, SK1 was found not to have the same function in
enhancing sphingosine recycling into ceramide. Therefore, SK2 may have a distinct function 
from SK1 by having an enhanced ability to recycle sphingoid bases for ceramide synthesis. The 
structural basis for this difference has not yet been characterized, but will help elucidate how 
two enzymes with the same catalytic activity can have dramatic differences on cell biology.127

Insight into the physiological role of S1P was hoped to be gained through generation of sphin-
gosine kinase 1 knockout mice, however, in the absence of stresses they displayed no obvious phe-
notypic abnormalities.130 In contrast, SphK1–/– mice develop less intestinal adenomas when crossed
with the Apcmin/cc �//  mice, a model of intestinal adenocarcinoma.131 SphK1–/– mice also develop less
adenocarcinomas when treated with DSS/AOM.132 Moreover, SphK1–/– mice are less susceptible
to DSS induced colitis and have a marked decrease in intestinal inflammation in that model.133

Sphingosine kinase 2 knockout mice have also been generated and these mice too do not display 
any obvious abnormalities.134 Crossing of SphK1–/– and SphK2–/– mice revealed that complete
absence of SK activity and therefore S1P, results in embryonic lethality due to improper neural
and vascular development.134 These defects are likely to be due to a lack of S1P and not due to 
sphingosine accumulation since sphingosine levels were actually below wildtype levels in double 
knockout embryos. In addition, the vascular defects observed in the double knockout mice
resembled previously observed defects in S1P1 receptor knockout mice, suggesting that S1P is 
absolutely necessary for vascular development.134,135 Finally, female SphK1–/–, SphK2 �/– mice are
infertile due to defects in decidualization.136 Together these studies suggest that SK1 and SK2 have
redundant functions during development since neither SK knockout displays any developmental
defects alone, but display severe defects when both enzymes are absent. On the other hand, each 
SK isozyme may have unique functions in mature tissues since SphK1–/– mice have specific defects 
in inflammatory responses.133

Lipid Phosphate Phosphatases, S1P Phosphatases and the Salvage Pathway
Sphingosine-1-phosphate can be dephosphorylated at the cell surface by a family of broad

specificity lipid phosphate phosphatases, LPP1-3. LPPs have six transmembrane domains and have
their catalytic sites facing the extracellular space. The LPP family is important for sphingolipid 
metabolism because they are thought to be the primary mechanism by which extracellular
S1P signaling is attenuated.137,138 Overexpression of specific LPPs reduces S1P-dependent
signaling events.139,140 LPP effects on S1P metabolism is complicated by the fact that LPPs
also affect phosphatidic acid (PA) levels which have been shown to regulate SK1 localization in
cells.138,141 In addition, S1P may require LPP dependent dephosphorylation prior to its uptake by 



16 Sphingolipids as Signaling and Regulatory Molecules

cells, although a separate mechanism for uptake requiring the CFTR protein has also been proposed.142

For additional information on LPPs, the reader is referred to some recent reviews.138,143

In addition to LPPs, cytosolic S1P can be dephosphorylated at the ER by S1P specific phos-
phatases, SPP1 and SPP2.144-146 SPP1 and perhaps SPP2, plays a role in regulating the reintroduc-
tion of sphingoid bases into ceramide species at the ER.129,147 Distantly related to LPPs, SPP1 and 
2 each contain eight putative transmembrane domains.145,148,149 Interestingly, overexpression of 
SPP1 results in an increase in ceramide accumulation suggesting that dephosphorylation of S1P 
is a rate limiting step in the salvage pathway.129,145,150 This increase in ceramide can be exacerbated
further by the addition of extracellular S1P. Therefore, regulation of SPP1 levels can change the
metabolic fate of S1P to be predominantly recycled into ceramide. This has been shown to have 
dramatic effects on the biological response of cells to S1P.150 Recently, SPP1 mediated conversion 
to ceramide was shown to be enhanced by overexpression of SK2, suggesting that SK2 and SPP1 
work coordinately to increase sphingosine salvage.129 In addition, higher expression of SPP1
reduced extracellular release of S1P, suggesting that SPP1 can negatively regulate extracellular 
signaling of S1P.149

A second sphingosine phosphate phosphatase, SPP2, was identified based on homology to
SPP1. Both SPP isoforms are expressed ubiquitously with high expression in the kidney. On
the other hand, SPP1 is highly expressed in the placenta whereas SPP2 is highly expressed in 
the heart.146 More recently, SPP2 was shown to be upregulated during inflammatory responses,
however, it is unclear what effect this has on sphingolipid metabolism.151 It remains to be seen
if SPP2 plays an important role in regulating the sphingolipid recycling pathway like SPP1.

S1P Lyase in the Removal of Sphingoid Bases
Sphingosine-1-phosphate lyase (SPL) is the enzyme responsible for the conversion of phospho-

rylated sphingoid bases to hexadecenal and phosphoethanolamine, thereby serving as the final step 
in sphingolipid degradation. SPL is a single pass transmembrane protein, displaying Type I topology 
and is exclusively localized to the ER.152 The catalytic site of SPL faces the cytosolic surface of the 
ER where it has access to cytosolically produced S1P. Since SPL is exclusively localized to the ER, 
all sphingoid phosphate bases must reach the ER for their final degradation by SPL. SPL has broad
substrate specificity since it can utilize sphingosine-1-phosphate, dihydrosphingosine-1-phosphate 
and phytosphingoinse-1-phosphate as substrates and therefore is able to catabolize all sphingoid
bases found in mammals.153 Like SPT, SPL is dependent on pyridoxal 5́ -phosphate (PLP) as a 
cofactor for enzymatic activity, making both the initial and the final steps in the sphingolipid path-
way PLP dependent. The relationship between symptoms associated with vitamin B6 deficiency, 
the dietary precursor to PLP and alterations in sphingolipid metabolism are unclear, but will be
important to assess since inhibition of SPT or S1P lyase could result in demyelination and altered
immune function respectively.8,154

SPL has a wide tissue distribution with its highest expression in the thymus and intestines and its
lowest expression in the brain and skeletal muscle.152 In addition, no SPL activity can be detected in
platelets or red blood cells since these cells lack ER membranes.152 Immunohistochemical staining 
for SPL within the intestine revealed high expression on differentiated enterocytes, but low expres-
sion in the intestinal cypt cells.155 In addition, intestinal adenomas from ApcMin/cc �// mice showed a 
marked decrease in SPL expression compared with adjacent normal mucosa.131 Together these data 
suggest that SPL upregulation is part of the normal differentiation of enterocytes. SPL expression 
in the thymus was also assessed and was localized almost exclusively to thymic epithelium with low 
expression in lymphocytes. Thymic expression of SPL seems to be essential for proper lymphocyte 
trafficking between the blood, primary lymphoid tissue and secondary lymphoid tissue due its role
in establishing S1P gradients between the different trafficking compartments.154

Several studies have identified S1P lyase as an essential gene for development in Drosophila
melanogaster, Caenorhibitis elegans and Dictyostelium discoideum.155-157 Recently, the phenotype 
of the S1P lyase knockout mouse, Sgpl1–/–, was published.158 These SPL defective mice display an 
inability to gain weight and premature death by eight weeks of age. These mice also displayed an
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array of defects which closely resembled those seen with the PDGF receptor, Pdgfra–/– and Pdgfrb–/–,
mutant mice. Some of these defects include vascular hemorrhaging, defective glomeruli formation 
and skeletal defects. It is unclear if Sgpl1–/– mice had defects in any other systems since the study was 
interested only in PDGF dependent phenotypes.158 Regardless, this study provides clear evidence 
that SPL plays an essential role in the development of many tissues in mammals. Future studies 
will help identify the role of SPL in adult tissues and assess its potential as a therapeutic target for
the treatment of disorders ranging from immunological disorders to neoplasias.

Conclusion
Sphingolipids are a diverse group of lipids which serve a variety of functions in both mammalian

development and physiology. Only a few of these functions have been highlighted in the chapter, 
but the scope of sphingolipid biology is vast. New functions for sphingolipids in mammalian 
physiology continue to be discovered each year and will likely increase as our understanding of 
sphingolipid biology in whole organisms improves.

It is clear that sphingolipids play an essential role in mammalian systems, therefore, it is essen-
tial to understand how sphingolipids are synthesized and degraded to maintain their functional
levels at both an organismal and cellular level. Thanks to the hard work of many pioneers in the 
sphingolipid field, the biochemical characterization of many sphingolipid enzymes was laid out
before any genes were identified. Aided by the advancement of recombinant DNA technology 
and the human genome project, significant progress has been made to clone and characterize the
enzymes responsible for sphingolipid metabolism. At least one gene and in most cases two or more,
has been cloned for each of the known enzymatic steps required from the condensation of serine
and palmitoyl CoA by SPT to the production of hexadecenal and phosphoethanolamine by S1P
lyase. Although it is easy to assume that we have a near complete list of the enzymes involved in
sphingolipid metabolism, new isoforms of these enzymes are still being discovered and validated.
While having a list of enzymes is comforting, our understanding of their regulation is still lacking. 
We still have a lot of work to understand how the different sphingolipid enzymes work in concert 
to determine the sphingolipid composition of the plasma membrane and subcellular organelles.
In addition, the breakthrough discoveries of the sphingolipid transfer proteins CERT and FAPP2
have provided a new paradigm for nonvesicular sphingolipid trafficking. These proteins are likely to 
only be the first members of a class of sphingolipid transfer proteins which regulate the trafficking 
of sphingolipids to specific compartments within cells.

Although this chapter aimed to provide an abbreviated overview of our current understanding 
of sphingolipid metabolism in mammalian systems, it also highlights some areas of lipid biology 
that are poorly understood. It is a healthy scientific practice to regularly reflect on the progress that 
has been achieved within a field, both, to bring to light significant faults or assumptions we have 
about it, but also for the sense of awe one gets about our collective accomplishment.
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Abstract

Sphingolipids are a family of ubiquitous membrane components that exhibit multiple functional 
properties fundamental to cell properties. Sphingolipid transport represents a crucial aspect 
in the metabolism, signaling and biological role of sphingolipids. Different mechanisms of 

sphingolipid movements contribute to their selective localization in different membranes but also
in different portions and sides of the same membrane, thus ensuring and regulating their interac-
tion with different enzymes and target molecules.

In this chapter we will describe the knowledge of the different mechanisms of sphingolipid move-
ments within and between membranes, focusing on the recent advances in this field and considering 
the role played by selective sphingolipid molecules in the regulation of these mechanisms.

Introduction
Sphingolipids are a family of amphipathic lipids that exhibit extraordinary structural and

multiple functional properties fundamental to cell characteristics. They are ubiquitous membrane 
components, being present in different organelle membranes and particularly abundant in the
plasma membrane (PM). In biological membranes, sphingomyelin (SM) and glycosphingolipids
(GSLs) represent the major sphingolipids, these display an asymmetric or polarized distribution
and play important roles in the regulation of membrane fluidity and sub-domain structure. Their
physical-chemical properties enable them to fulfil and regulate a large spectrum of relevant biologi-
cal functions such as molecular sorting, cell-cell interaction and intracellular transport. Moreover,
different intermediates of sphingolipid metabolism, as sphingosine (Sph), sphingosine-1-phosphate 
(S1P), ceramide (Cer) and ceramide-1-phosphate (Cer1P), can act as bioactive molecules involved,
as intra- or extracellular messengers, in the regulation of crucial processes as cell growth, death,
adhesion, migration and senescence. A crucial and fundamental aspect in the spectrum of the 
biological functions of sphingolipids is represented by their intra- and extracellular transport.
Indeed, the complex compartmentation of sphingolipid metabolism, the specific sphingolipid
composition of different cells and organelles and the proper localization of selected sphingoid
molecules, functional to the interaction with multiple targets in different locations, are strictly 
dependent from and regulated by different modalities of sphingolipid transport.

Sphingolipid transport has emerged as a sophisticated and complex tool crucial in moving,
transferring and finally locating the different sphingolipids in a specific subcellular site or in the
extracellular milieu. This transport involves short-distance movements within a membrane (in-
tramembrane transport), including lateral and transmembrane motions and trafficking between
different membranes (intermembrane transport), including that mediated by proteins and vesicle
flow (Fig. 1).
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Intramembrane Sphingolipid Movements
The behaviour of sphingolipids in a membrane represents a crucial aspect of their transport as

well as biological properties. In this section we will first analyze the dynamics and organization of 
sphingolipids within a membrane layer and then the mechanisms underlying the translocation of 
sphingolipid molecules between the two leaflets of a biological membrane.

Lateral Diffusion and Lateral Phase Separation of Sphingolipids
Sphingolipids, as the other lipid components of cell membranes, are characterized by a high 

diffusion rate in a leaflet of the bilayer. The lateral diffusion of different sphingolipids in model 
and biological membranes has been evaluated by different techniques, which include spectro-
scopic methods such as fluorescence energy transfer, fluorescence quenching, including the 
monomer to excimer transition, diffusion measurements based on fluorescence recovery after
photobleaching (FRAP), fluorescence correlation spectroscopy, single particle tracking (SPT)
and NMR spectroscopy. The reported lateral diffusion coefficient of different sphingolipids
ranges from 10�7 to 10�10 cm2/sec, this variability is most likely due to the different methods
employed. Studies performed with pyrene-labeled sphingolipids report that, in a fluid bilayer 

Figure 1. Different types of sphingolipid transport. Sphingolipids can display movements within 
a membrane, including lateral diffusion (a) and transbilayer motion (b). Sphingolipid transport 
between different cellular membranes can be protein-mediated (c) and vesicle-mediated, in-
cluding vesicles of the biosynthetic route (d) and endocytotic vesicles (e). Sphingolipids could
be exchanged as monomers between the cytosolic layer of organelle membranes (f). Plasma 
membrane sphingolipid may be exported through the interaction with specific extracellular
protein/lipoproteins (g). For simplicity, the possible involvement of protein transporters in
(b) and (g) is omitted. Most of these movements may occur at or between different cellular 
membranes. A color version of this figure is available at www.landesbioscience.com/curie.
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(i.e., in a liquid disordered phase), the diffusion coefficient of SM, glucosylceramide (GlcCer)
and different gangliosides is similar (about 1.6 � 10�7cm2/sec)1,2 and comparable to that of 
phosphatidylcholine (PC) obtained with the same spectroscopic approach.3 Using gangliosides 
differently labelled at the polar head, the diffusion values determined with FRAP is in the range 
of 10�9 cm2/sec.4,5 From these data, it emerges that the lateral diffusion of a lipid in the bilayer is 
primarily determined by the hydrophobic membrane-bound portion of the molecule and does 
not significantly differ between glycero- and sphingolipids. Due to their high diffusion rate,
sphingolipids should explore an area of 0.1-1 	m2/sec in a cell membrane and should display a 
homogeneous distribution in the membrane plane. However, a great amount of evidence has been 
presented indicating that lateral sphingolipid segregation in a membrane plane may occur. The 
existence in living cells of sphingolipid-enriched domains, functional to lipid sorting to the apical
membrane was initially postulated by Simons and Van Meer.6 Subsequently it was found that the
GPI-anchored protein can be sorted through the same pathway.7 The isolation from biological
membranes at low temperature of detergent-insoluble sphingolipid-cholesterol (Chol) enriched 
domains containing GPI anchored proteins8 was the basis for a large body of work addressing the
composition, organization and function of these structures in living cells. Lateral phase separation 
of sphingolipids and the tendency of Chol to associate to sphingolipid-enriched domains have
been demonstrated in model membranes by different studies (reviewed in refs. 9-11). Studies
performed with ternary mixtures of PC, SM/GSL and Chol indicate that two distinct physical
states can coexist in the fluid state in a wide range of temperatures and lipid composition. The 
physical state of sphingolipid-Chol enriched domains has been defined as a liquid ordered state
(Lo) and differs from that of the bulk lipid bilayer described by the more fluid liquid disordered 
state (L�).12-14 In the Lo state the acyl chains exist in a highly ordered conformation which results
in a reduction of the area per lipid, a tight lipid packing and a greater thickness of the bilayer. 
The intermolecular forces involved in the phase segregation of sphingolipids and Chol include
lipid-lipid hydrogen bonds, in which sphingolipids can act both as acceptors and donors, weak 
dipolar interactions between sphingolipid polar heads and van der Waals interactions. The 
preferential partitioning of Chol in these domains can also involve the model of hydrophobic
shielding or the ‘umbrella effect’ in which the steric hindrance of strongly hydrated sphingolipid 
polar heads may favour the Chol insertion in the bilayer. All these considerations attain to a 
structural and static description of sphingolipid-Chol enriched lipid domains, but how is the 
lateral diffusion of sphingolipids in such structures? In phospholipid/Chol systems, pulsed field
gradient NMR technique15 allowed to estimate the diffusion rate of a lipid in the Lo phase is
about 3-5 fold slower than in a liquid disordered one, but not different enough to impede lipid
exchange between the two phases.1,15 When both SM and Chol were present in the membrane
model, the diffusion coefficients were compatible with that determined in more simple systems, 
but in contrast to the latter, the lipid exchange between the Lo and the L� phases was slower.17

These findings are in agreement with the results obtained in single particle tracking, which dem-
onstrated a transient confinement of the 4-fold slower GM1 in a limited membrane portion.18

Thus the physical state (i.e., Lo vs disordered state) is not the only determinant for the lipid
dynamic in the domain. The hydrophobic mismatch between the thicker sphingolipid-enriched
domain and the thinner surrounding bilayer, which contributes to the energy required to lipid
domain formation and size,19 can partially contribute to explain the confined diffusion of lipids 
in coexisting Lo and disordered phases.

Sphingolipid Raft Dynamics
The raft concept, originally hypothesized for the specific sorting of sphingolipids and proteins

in the PM,6,7 has been proposed as a key element in almost all the forms of vesicular traffic.20,21

The majority of information about the composition and function of lipid rafts have been obtained
on the basis of the operational definition of rafts as detergent-resistant membrane fraction at low 
temperature, which implies that stable lipid rafts do exist in biological membranes. Nevertheless, 
the existence, dimension, lifetime and ultimately the physiological function of sphingolipid-Chol
enriched domains in living cells are a matter of great debate among the researchers in the field. 
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This controversy mainly comes from the difficulty to visualize rafts in living cells. Apart from 
caveolae, a subset of lipid rafts which can be easily detected by electron microscopy as about 100 
nm-sized structures, the direct observation of rafts by optical microscopy has turned out to be
impossible, thus suggesting that native rafts are smaller than the optical diffraction resolution limit 
of 300 nm. On the other hand, the sizing of these structure by indirect methods postulates raft 
dimensions ranging from 10 to 700 nm,9,22 thus suggesting the possibility that the observed larger
structures represent macrodomains derived from the aggregation/coalescence of nanometer scaled
rafts. This implies that native membrane rafts are highly dynamic, heterogeneous and short lived 
structures. In the 2006 Keystone symposium on lipid rafts and cell functions, the biophysicists,
biochemists and cell biologists converged on the following definition “Membrane rafts are small 
(10-200 nm), heterogeneous, highly dynamic, sterol- and sphingolipid-enriched domains that 
compartmentalize cellular processes. Small rafts can sometimes be stabilized to form larger plat-
forms through protein-protein and protein-lipid interactions”.23 Different aspects can contribute 
to the metastability of small nanoscaled rafts in the membranes, as (i) the compartmentalization
into small domains through actin-based membrane skeleton fence, with integral proteins as barrier 
palisade; and (ii) the lipid and protein heterogeneity of biological membranes, which limits the 
hydrophobic mismatch between thicker sphingolipid-enriched domains and the more thinner 
surrounding bilayer (reviewed in ref. 24).

The dynamic evolution of small membrane rafts into larger structures can be induced by ligand 
binding as, for example, the cholera toxin binding to GM125 and the EGF binding to its receptor, 
which induces the merging of two types of GM1-containing small domains.26 In addition, Cer strongly 
associates with lipid rafts27,28 and can induce the coalescence of large domains in PM, thus facilitating 
the raft-residing CD95/Fas death receptor clustering and the subsequent induction of apoptosis.29

The Cer role in membrane lateral organization and dynamics has been extensively reviewed.30-32 The
formation of membrane domains highly enriched in Cer can be relevant to different physiological
processes. First, it can contribute to the definition of signaling platforms generated by the activity of a 
signaling-related sphingomyelinase (SMase). Second, Cer can displace Chol from membrane rafts, as 
both compete in their association with lipid rafts due to the limited capacity of sphingolipids to shield 
the small polar groups of Cer and Chol from contact with water.30,32 This can be at the basis of the 
Chol displacement from PMs upon Cer generation, which may affect membrane Chol homeostasis 
and may have implications for the association and activity of Chol-bound proteins. Finally, the forma-aa
tion of Cer-enriched microdomains can promote membrane vesiculation and vesicle budding. This
has been observed in PC/SM giant unilamellar vesicles, in which Cer-enriched microdomains were 
rapidly formed after treatment of vesicles with SMase and can also occur in erythrocytes after loading 
with high concentrations of C18-Cer.33 The Cer-mediated vesicle budding has been implicated in 
the sorting of subcellular membranes into different populations of intracellular vesicles34 and in the 4

ER-Golgi vesicular traffic of both sphingolipids and proteins.35

Transbilayer Transport
The transfer of sphingolipid molecules from one to the other leaflet of a biological membrane

represents a further, intriguing aspect of sphingolipid movement. This movement may be of 
relevance to different processes, such as the formation and maintenance of a proper sphingolipid
asymmetry, thus being important in the PM and organelle structure/functional properties and
in the mechanisms of intracellular sphingolipid trafficking. It may also enable the sphingolipid 
molecule to interact with a protein/enzyme that resides on the opposite side of the membrane
that must be crossed, thus being relevant in sphingolipid metabolism and signaling. In addition, 
it may be crucial to the interaction of a sphingolipid with an extracellular protein/lipoprotein and
thus to its export into the extracellular milieu.

As for other amphipatic lipids, the transbilayer movement of sphingolipids can be from
the outer to the inner monolayer of a membrane (“flip”), in the opposite direction (“flop”), or
bi-directional (scrambling or “flip-flop”). All these motions can occur spontaneously or facilitated
by the transport/interaction with a protein.
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The spontaneous behaviour of a (sphingo)lipid molecule within a membrane is influenced by 
different factors, including the balance between its hydrophobic tail and polar headgroup, the
composition of both the sphingolipid alkyl chain and the membrane. It is generally accepted that
sphingolipids with a reduced or abundant polar headgroup will display fast or slow spontaneous
transbilayer movements, respectively. Since most sphingolipids possess a bulky headgroup, they 
exhibit the tendency to reside in a membrane monolayer for long periods of time. In agreement, 
the studies on the spontaneous transbilayer diffusion of spin-labelled SMs and gangliosides in
model membranes have shown that this exchange does not spontaneously occur or, if it does it, is
very slow.36-38 On the opposite, simple sphingolipids such as GlcCer and Cer can move between 
leaflets.33,39,40

Cellular membranes, particularly eukaryotic PMs, are equipped with specialised proteins that
can either actively translocate lipids from one leaflet to the other or facilitate a passive equilibra-
tion of lipids between the two membrane halves. Protein transporters are referred as flippases
(mediating transport from outer, noncytosolic, to inner, cytosolic, layer), floppases (from inner to
outer layer) and scramblases (facilitating flip-flop, i.e., nonspecific redistribution across bilayers).
Increasing evidence supports that different subfamilies of ATP binding cassette (ABC) transporter
family contribute to, or are involved in, sphingolipid passage across a membrane (Table 1).41 ABC
proteins have been generally recognized as drug efflux pumps that protect the body from various 
toxic substances. However, they exhibit scarce selectivity and are able to move various molecules 
against their concentration gradients.42,43 After its binding to the Nucleotide Binding Domain
(NBD), ATP provides the energy required to actively transport substrates across the membrane.
In eukaryotes, most ABC transporters contain two hydrophobic domains, each with 6-11 
membrane-spanning �-helices and two NBDs exposed to the cytoplasm. Some ABCs contain
only one transmembrane domain and one NBD, but can combine into homo- or hetero-dimers
to form functional transporters. In mammals, ABC transporters are expressed in PM and different 
intracellular membranes, including those of endoplasmic reticulum (ER), Golgi, mitochondria, 
endosomes, lysosomes and exocytotic vesicles and almost all the eukaryotic ABC proteins studied 
to date are floppases, transporting substrates outwardly from cytosol into organelles or out of cells. 
On the bases of their sequence homology and NBD organization, human ABC transporter have
been classified into seven subfamilies, designated A-G.

Notably, since the expression of ABC transporters may be restricted in a cell/tissue-specific 
fashion, different ABC expression may contribute to differences in sphingolipid transport and 
thus to cell/tissue sphingolipid pattern and functional specialization.

Transbilayer Transfer of Sphingomyelin and Complex Glycosphingolipids
The distribution of complex sphingolipids (SM and GSLs) across PMs is highly asymmetric,

being present essentially in the outer monolayer. This asymmetry appears to be dictated by the 
exocytotic traffic of newly synthesized sphingolipids and maintained with low levels of flip-flop
across the bilayer. In fact, SM and GSLs are synthesized from Cer and GlcCer on the luminal 
side of the Golgi, where they cannot translocate to the cytosolic face. Upon exocytosis, they 
reach the external leaflet of the PM, where little or no transport to the cytosolic face occurs under
basal conditions. However, although in most cells the great majority (
80%) of SM is normally 
confined to the outer leaflet of the PM and to the luminal face (corresponding to the outer one)
of organelle membranes, in some membranes the percentage of SM present in the outer leaflet is 
markedly reduced. For example, SM in the outer leaflet accounts for only 65% of intestinal brush
border membranes and hepatocytes, possibly reflecting specific functional properties of these
membranes.44 In liver ER and brain microsomes, SM facing the luminal face accounts for 60%, 
being thus markedly lower than in other organelles.44

As biogenic (self-synthesizing) membrane, the ER membrane requires phospholipid scrambling 
for bilayer assembly and maintenance. Different studies reported that phospholipid scrambling in
ER occurs very rapidly, bi-directionally, independently of the phospholipid head group and requires
specific membrane proteins. Indeed, the transmembrane movement of SM in ER is significantly 
faster than in other membranes, although much slower than glycerophospholipids.44
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Of relevance, the transbilayer movement of complex sphingolipids (mainly shown for SM) can 
occur in and appears functional to, different processes. At the PM, the transbilayer asymmetry of 
SM can be compromised, along with that of glycerophospholipids, in several physiological and
pathological conditions such as neutrophil activation, blood coagulation, apoptosis and suicidal
death of erythrocytes (eryptosis).45,46 Indeed, the asymmetric distribution of all the major phos-
pholipid classes, including SM, is rapidly lost upon a persistent increase of cytoplasmic Ca2�,
caspase activation, or oxidative stress.47,48 Increased cytosolic Ca2� and enhanced Cer levels lead
to membrane scrambling too and subsequent phosphatidylserine exposure.49

A phospholipid-scramblase, isolated from erythrocytes and cloned, has been implicated in the
fast bi-directional phospholipids transport between the two monolayers.50 This transporter, named
phospholipid scramblase 1 (PLSCR1), is a 37-kDa membrane protein with a short C-terminal
external sequence, a single transmembrane segment and a long cytoplasmic extension contain-
ing a calcium-binding segment and is expressed in multiple human tissues and cancer cell lines.
Ca2�-induced lipid scrambling is defective in cells from patients with Scott syndrome, a bleeding 
disorder originating from a reduced ability of activated platelets to expose procoagulant phos-
pholipids on their surface.51 Intriguingly, in lymphoid cells from a patient with Scott syndrome, 
scramblase is induced normally during apoptosis, but cannot be activated by Ca2�, suggesting that 
apoptosis and Ca2� operate through different pathways to activate the same scramblase.52 More re-
cent reports suggest that different proteins are responsible for scramblase activity and phospholipid 
scramblases emerged as a group of homologous proteins conserved in all eukaryotic organisms and 
exhibiting different cell expression and subcellular localization.53 Although a certain amount of 
evidence supports the role of scramblase(s) in destroying PM phospholipid asymmetry at critical 
cellular events like activation, injury and apoptosis, the function of PLSCR1 as a phospholipids 
translocator has been recently challenged.53 At present, the role of different scramblases in sphin-
golipid transport remains to be clarified.

A further mechanism, consisting in the SMase-induced asymmetric increase in Cer concentra-
tion has been proposed as a crucial one in to facilitate the scrambling of other lipids. The observation
that a Cer asymmetric generation can promote lipid scrambling (see above) has led to postulate
that endogenous SMase could be a lipid scramblase.54

In lipid vesicles, ganglioside GM3 can undergo spontaneous flip-flop as a consequence of 
SMase-induced Cer on the outer leaflet.55 So far, no evidence has been provided on ganglio-
sides scrambling during cell activation and apoptosis. Interestingly, PS exposure on the outer
membrane leaflet during cell activation and apoptosis colocalizes with GM1, possibly at the
level of lipid rafts.49,56

A further mechanism of complex sphingolipid transfer across the membrane bilayers involves
ABC family proteins. Different members of the ABC family have been implicated in facilitating 
the transport of SM and gangliosides at the PM (Table 1). This transport might be functional not
only in maintaining and restoring sphingolipid asymmetry, as example after cell activation, but
also in the export of complex sphingolipids to acceptor proteins/lipoproteins.

ABCA1 and ABCG1, two ABC proteins required for lipoprotein generation, appear to be 
involved in SM outward transport. ABCA1 is able to transfer phospholipids and Chol to lipid-free 
apoA-I and lipidated apoE. In liposomes made of SM or PC, purified ABCA1 shows high ATPase 
activity, suggesting that it can recognize phospholipids with choline head groups.57 However, when 
cellular SM content is reduced, apoA-I-dependent Chol efflux by ABCA1 increases, suggesting 
that ABCA1 preferentially transports PC and Chol.57 In contrast, ABCG1, a floppase important 
in the efflux of excess Chol from peripheral tissues to pre�-HDL and HDL, appears to prefer-
entially recognize Chol and SM as substrates to transport across the PM and secrete.58 ABCG1
stimulates Chol and SM efflux to HDL2 or HDL-3.58 Interestingly, Chol efflux by ABCG1 is
strictly dependent on the cellular SM level and this level correlates with SM efflux.59

Recent data also implicate a role of ABCA2, a transporter involved in lipid movement to
generate the myelin sheath, as a possible transporter of complex sphingolipids. In the ABCA2 null
mice, Sakai et al60 reported several major alterations in the lipid composition of both whole brain
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and purified myelin fractions. Analysis of brain and myelin lipids revealed selective deficiencies
of SM, whereas brain gangliosides and myelin GM1 were significantly increased.60 Since ABCA2
is localized to late endosome/lysosomes and Golgi, it might be involved in the metabolism of 
neural SM and/or gangliosides.60

Some studies provided evidence that ABCB1 (P-gp, MDR1) and ABCC1 (MRP1) can
transport short-chain fluorescent SM (and GlcCer, PC) analogs,61,62 implicating these proteins 
in sphingolipid distribution between the leaflets of the PM. However, the role of these ABC
transporters in the movement of natural sphingolipid molecules among biomembranes remains 
to be elucidated.

Transbilayer Transfer of Monohexosylsphingolipids
In contrast to more complex sphingolipids, the monohexosylsphingolipids GlcCer and ga-

lactosylceramide exhibit a spontaneous tendency to move between membrane bilayers. In model
membranes, spin-labeled GlcCer and galactosylceramide analogues can spontaneously cross the
bilayer by passive diffusion.38 Of relevance, this movement was observed also in the PM of eryth-
rocytes and hepatocyte-like cells, as well as in the ER and Golgi membranes.38,63 In both model 
and plasma membranes, the spontaneous transbilayer movement exhibited a slow rate (half-time 
between 2 and 5 h at 20˚C). However, in rat liver ER and Golgi membranes, the transverse dif-ff
fusion of spin-labeled monohexosylsphingolipids was much faster (half-time of about 3 min at 
20˚C), displayed a saturable behaviour, was sensitive to proteases and occurred in both directions,38

indicating that one or more specific scramblase(s) facilitates this rapid movement. This should
promote a symmetric distribution of monohexosylsphingolipids across Golgi membranes, al-
lowing their rapid access to the outer (noncytosolic) leaflet, where further glycosilations occurs.
Using fluorescent short chain analogues, it has been reported that ABCB1 is involved in GlcCer
translocation in the Golgi.63 However, a recent study suggests that P-glycoprotein selectively 
translocates such analogues but not natural long chain lipids.64

Notably, the transbilayer movement of lactosylceramide has not been detectable in both artificial 
and natural membranes,38 implying that once synthesised in the Golgi (or produced in the lyso-
some), it remains at the lumenal leaflet where it undergoes subsequent metabolic processing.

Recent studies have revealed a mechanism of GlcCer transport specific for epidermal kerati-
nocytes and functional to the extracellular formation of Cer. This transport involves ABCA12
transporter in the delivery of GlcCer to secretory granules (termed lamellar granules) in the
epidermal keratinocytes.65 Notably, ABCA12 selectively transports long chain GlcCer, essential 
to the generation of a specific class of ceramides crucial to the correct formation of the epidermal 
permeability barrier.66 Mutations in ABCA12 result in the failure to deliver GlcCer to lamellar 
granules and consequent failure to form lamellar bodies and extracellular lamellar membranes67

and underlie harlequin ichthyosis (HI) and lamellar ichthyosis, two devastating skin disorders.65,67

Of relevance, corrective transfer of the ABCA12 into HI keratinocytes restores normal GlcCer 
loading into lamellar granules.65

Transbilayer Transfer of Ceramide and Sphingoid Bases
Unlike other sphingolipids, Cer and the sphingoid bases Sph and sphinganine are characterised

by the presence of a very small polar headgroup, suggesting they can easily undergo transbilayer 
diffusion. Indeed, different studies reported their rapid scrambling.33,40,68 The reported half-times 
of Cer flip-flop are less than 1 min at 37˚C for the natural C16-Cer in giant vesicles and in the 
erythrocyte PM.33 This rapid scrambling should give Cer the ability to reside in both sides of the 
membrane, thus forming membrane spanning domains. Up to now, it is not known if the lipid/
protein composition of different biological membranes might influence the Cer flip-flop. This 
could be of relevance in the metabolism and functional properties of Cer.

Cer acts as intracellular messenger of different stimuli in multiple cell types and Cer generation 
appears closely linked to scrambling in both apoptosis and eryptosis.46,69 Intriguingly, recent studies
reported that Cer itself can be responsible for the transbilayer motion of phospholipids.33,54,70 The 
conversion of SM into Cer on only one side of a lipid vesicle appears to generate a surface tension



32 Sphingolipids as Signaling and Regulatory Molecules

that in turn can generate a surface asymmetry in the bilayer.54 This asymmetry in turn promotes 
phospholipid scrambling across the PM in a nonspecific fashion. Notably, dihydroceramide, the 
Cer precursor unable to exert many of the physiological effects of Cer, does not induce phospho-
lipid scrambling.55

Unexpectedly, some ABC proteins appear to be required also for the efficient translocation
of Cer and long chain sphingoid bases (LCBs). It was found that during terminal keratinocyte
differentiation, the upregulation of ABCA7 is paralleled by intracellular and surface Cer levels
and overexpression of ABCA7 in HeLa cells results in increased levels of intracellular and surface 
Cer.71 In addition, in placenta trophoblasts, ABCG2 has been proposed as transporter of Cer to
the outer leaflet of the PM, protecting placenta from Cer-induced apoptosis.72

A novel transporter, referred as Rsb1p (resistant to sphingoid bases) and localized to the
PM, was shown to be involved in the export of dihydrosphingosine and phytosphingosine in 
Saccharomyces cerevisiae.73,74 Intriguingly, Rsb1 expression is enhanced in cells with altered glyc-
erophospholipid asymmetry due to the disruption of either the inward or outward movement of 
glycerophospholipids,74 suggesting that altered membrane asymmetry can trigger Rsb1 expression.
Interestingly, Pdr3p, a transcription factor crucial to multidrug resistance, was shown to activate
Rsb1 transcription, suggesting that this is functional to LCBs detoxification in the retrograde re-
sponse of Saccharomyces cerevisiae.75 It will be interesting to evaluate whether a floppase exporting 
LCBs may exist in mammals as well.

Transbilayer Transfer of Sphingosine-1-Phosphate
Unique among sphingoid molecules, S1P exhibits the peculiar property of binding to specific

cell surface receptors. Since most S1P is generated intracellularly, S1P transport across the PM is
crucial for its action as first messenger. Different cells have been shown to release newly synthesized 
S1P into the extracellular milieu and such release could be important for the local action of S1P 
in the extracellular space.76-78 Of note, the extracellular release of S1P appears cell specific, as not 
all cells exhibit the capacity to excrete S1P.

S1P release can occur constitutively, or can be induced by different stimuli, such as PKC ac-
tivation, Ca2� and growth factors.76-78 However, the mechanism of S1P transmembrane traffic is 
still unclear. With its polar head group, S1P presumably cannot readily permeate the lipid bilayer,
its export/secretion into the extracellular space most probably requiring specific transporters.
Increasing evidence suggests that members of the ABC transporter family are of relevance for 
the S1P export out of cells (Table 1). It was shown that export of S1P from activated mast cells
is mediated by ABCC179 and the member of the A subfamily ABCA1 is critical for S1P release
from astrocytes and at the level of the blood brain barrier.80 Similarly, it was suggested that S1P
secretion from HUVEC is also mediated by ABCA1 and ABCC1.81

Some pieces of evidence indicate the involvement of ABC transporters also in the active S1P
uptake from the extracellular milieu. In particular, the cystic fibrosis transmembrane regulator
ABCC7 has been implicated in the uptake of extracellular S1P by smooth muscle cells,82,83 sug-
gesting that shuttling from the outside to the inside by ABCC7 participates to the regulation of 
S1P availability for its receptors.

Although all these studies suggest the involvement of different mechanisms in the transbilayer 
transport of sphingolipid and support the relevance of this movement, the mechanisms underly-
ing it remain largely unknown and further intensive studies are necessary to elucidate the players,
localisation and regulation of these mechanisms.

Intermembrane Sphingolipid Transport
Sphingolipids are unevenly distributed in different subcellular membranes and, as described 

above, in the single membrane as well. The heterogeneous distribution of complex sphingolipids
in the different subcellular membranes, varying from 3-4% of total membrane lipids in the ER 
to about 20 mol % in the PM and lysosomes,84 strongly reflects the main localization of these 
lipids in the PM, the topology of the enzymes involved in sphingolipid metabolism and the 
mode of sphingolipid transport between the different subcellular organelles. Sphingolipid 
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metabolism is indeed compartmentalized, their synthesis starting in the ER and continuing in
the Golgi apparatus; degradation mainly occurs in the endosomal/lysosomal district. Due to
their hydrophobic tail, sphingolipids are not free to diffuse in the aqueous cytosolic milieu. For
this reason they must be transported to the different sites of synthesis and degradation.

Two major mechanisms of intermembrane (i.e., between different cell membranes) sphingolipid
transport are operative in cells and include protein- and vesicular-mediated transports (Fig. 2).

Protein-Mediated Sphingolipid Transport
In spite the existence of proteins able to transfer sphingolipids in a nonvesicular manner has been 

postulated more than 20 years ago, in recent years the crucial role of two proteins in the transport of 
selective sphingolipids has been demonstrated. Indeed CERT and FAPP2 (four-phosphate-adaptor
protein 2) have been identified as lipid transfer proteins, able to transfer Cer and GlcCer, respec-
tively, to proper membranes in a nonvesicular manner (Fig. 2).

CERT-Mediated Transport of Ceramides
Cer synthesized at the cytosolic face of ER must be transported to the Golgi apparatus to be

further metabolized to GlcCer, SM and Cer1P. Before the discovery of the specific Cer transfer
protein CERT,85 the studies addressed to understand the mode of Cer transport between ER and 
Golgi suggested that both vesicular and nonvesicular (possibly protein-mediated) mechanisms
can contribute to this process.84

Hanada and coworkers85 identified CERT in a mutant cell line (LY-A cells) characterized by 
a decrease of SM due to a defect in the transport of Cer to the Golgi.86,87 This finding was pivotal 
to understand the mechanism of the nonvesicular delivery of Cer to the Golgi apparatus. Studies
of Hanada’s group demonstrated that in Chinese hamster ovary cells the biosynthesis of SM but 
not that of GlcCer is dependent on CERT.85 This was confirmed in different cell lines by different
studies88-90 and was mainly attributed to the different localization of GCS and SMS in the cis and 

Figure 2. Mechanisms of intermembrane sphingolipid transport. Sphingolipids can move be-
tween different cellular membranes via protein-mediated (solid lines) and vesicle-mediated 
(dotted lines) trafficking routes. See text for details.
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trans Golgi respectively. Moreover, down-regulation of CERT by RNAi strongly reduced the levels 
of C1P synthesized by Cer kinase (CerK) in the trans-Golgi.91 However, this was not confirmed
in other cell types by the use of pharmacological inhibition of CERT,92 this discrepancy being 
mainly ascribed to the different experimental approach used to inhibit CERT and to the possible 
different subcellular compartmentalization of CERK.92

CERT is a 69 kDa protein identical to the splicing variant of the Goodpasture antigen binding 
protein (GPBP) that lacks a serine-rich domain of 26 amino acids. GPBP was previously identi-
fied as a Ser/Thr kinase which phosphorylates the noncollagenous-1 domain of the �3 chain of 
type IV collagen.93 Both the splicing variants can act as Cer-transfer proteins in vitro.85 GPBP and
CERT, coded by the COL4A3BP gene, are both highly conserved in the evolutionP 94 and widely 
expressed in various tissues,95 thus suggesting a differentiated function for the two isoforms. The
distinct functions of the two splicing variants GPBP and CERT are also supported by the evidence
that they are differentially expressed during Zebrafish development96 and they distinctly concur
to the program of protein secretion and Cer traffic in the cell.97

CERT has in its structure a pleckstrin homology (PH) domain in the N-terminal region, a 
START domain in the C-terminal region, a FFAT motif and a serine repeat (SR) motif localized
respectively at the C-terminal and N-terminal of in the middle region (MR) between the PH and
START domains. All these regions specifically contribute the ER to Golgi Cer transport and its
regulation. The START domain is responsible for the Cer binding activity of CERT.85 It shows high
structural similarities with START domains of other lipid binding proteins, such as PC transfer 
protein, the Chol binding protein MLN64 and STARD4, all containing a similarly structured
hydrophobic pocket for lipid binding.98 Notwithstanding these similarities, CERT specifically 
recognizes Cer but not other sphingolipids, phospholipids or Chol and recognizes only weakly 
diacylglycerol.85 X-ray analysis of the crystal structures of CERT-START domain in its apo- form, 
or cocrystalized with Cer or diacylglycerol, allowed to identify the structural elements by which 
CERT can distinguish Cer from other lipids.99 Among the different molecular species of Cer, 
CERT efficiently transfers those containing C14-C20 fatty acids, but is less efficient towards Cer 
containing longer chain fatty acids, with the exception of C24:1 species.100,101 This suggests that 
the major determinant for CERT selectivity is the match between the depth of its hydrophobic
pocket and the actual length of Cer acyl chains. CERT can also extract dihydroceramide, but with
a relatively restricted fatty acid specificity.

The PH domain restricts the direction of transfer and destination of Cer through its specific 
binding to phosphatidylinositol 4-monophosphate (PI4P), a phosphoinositide mainly associated 
to the Golgi. This domain is essential for the correct transport of Cer for SM biosynthesis, since
a mutation in this domain is responsible for the defect in Cer transport in LY-A cells.85 The idea 
that CERT is recruited to the Golgi through the binding of the PH domain to PI4P and this is 
required for the efficient utilization of Cer for SM biosynthesis is enforced by evidence demon-
strating the down regulation or inhibition of PI4 kinase III� as a limiting factor for Cer transport 
and SM biosynthesis in COS-7 cells.89 The FFAT motif is responsible for CERT binding to the 
ER-resident proteins, vesicle-associated membrane proteins (VAMP)-associated proteins (VAPs). 
A mutation in the FFAT motif impairs the ER-Golgi transport of Cer, thus demonstrating the
crucial role of VAP-CERT interaction in this process.102 These findings indicate that the START 
domain alone is not sufficient for the transport activity of CERT in vivo and the PH domain and 
FFAT motif spatially restrict the random Cer transfer activity of the START domain to efficiently 
direct Cer in the biosynthesis of SM. The molecular mechanism of CERT-mediated Cer trans-
port is yet to be defined. At present two main hypotheses can be made (Fig. 3). The first implies
a short distance shuttle activity of CERT (Fig. 3A). In this case in its apo form CERT, possibly 
in a conformation in which the PH domain is masked, binds to ER through its FFAT motif to 
extract Cer. Cer binding promotes the detachment of Cer-CERT from the ER, the unmasking of 
PH domain and the docking to PI4P in the Golgi with the subsequent release of Cer. The second
model (Fig. 3B) implies that CERT operates in specific regions where ER and trans Golgi come
into close apposition, also called membrane contact sites.103 In this model the active form of CERT 
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is simultaneously bound to both VAP in the ER and PI4P in the Golgi. In both cases an open 
question exists about the signal/s and mechanisms responsible for the molecular dynamics of the 
process. A crucial point in this context is the phosphorylation state of CERT. In mammalian cells,
CERT can be in a hyperphosphorylated state, that involve 7-9 Ser/Thr residues in the SR motif,
close to the PH domain.104 This represents an inactive state of CERT, as the treatment of human
CERT with a bacterial protein phosphatase strongly increases its activity.104 At present, two protein 
kinases are known to phosphorylate CERT: the casein kinase I105 and the Golgi-associated protein 
kinase D.106 In phosphorylated CERT, both the START and the PH domain binding capacity is
inhibited, thus suggesting that phosphorylation induces a conformational change bringing the two 
domains to mutually interfere with each other. Recently it was demonstrated that an ER-resident 
protein phosphatase 2C� (PP2C�) dephosphorylates CERT in a VAP-dependent manner.107

Over-expression of PP2C� also increase the association of CERT to the Golgi, thus confirming 
dephospho-CERT as the active transfer protein. The control of CERT phosphorylation by the
concerted, but compartmentalized, activities of both protein kinases and phosphatases seems to 
represent the main element in regulating CERT activity.

CERT activity in SM biosynthesis can be also regulated by the oxysterol binding protein
OSBP108 and by the SM/Chol ratio in the PM trough the stimulation of CERT dephospho-
rylation,107 thus indicating a role for CERT in the maintenance of SM/Chol homeostasis in 
the PM.

Different lines of evidence indicate that CERT can be involved in the control of cellular func-
tions other than sphingolipid metabolism. Down regulation of CERT increase the sensitivity to 
oxidative stress in Drosophila, determining a reduction in fly lifespan.109 CERT is essential for mouse
development and embryonic survival, since embryonic death associated to mitochondrial degen-
eration was observed in CERT-null mouse embryos.110 CERT is up-regulated in drug-resistant
cancer cells and down regulation of CERT sensitizes cancer cells to multiple cytotoxic agents.111

Notwithstanding all these effects have been related to the Cer transfer capacity of CERT, the
mechanisms involved are still not really clarified and future studies will be addressed to define the 
role of CERT in the control of cell fate.

Figure 3. Proposed models of CERT-mediated transport of Cer between ER and Golgi. A)
Hypothetical short distance shuttle activity of CERT; B) CERT may act as Cer transporter at
ER-Golgi membrane contacts. See text for details.
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FAPP2-Mediated Transport of Glucosylceramide
It has been recently demonstrated that FAPP2 mediates a nonvesicular transport GlcCer from 

cis-Golgi (its site of synthesis) to the trans-Golgi compartments,90 where the enzymes of more 
complex GSLs the synthesis are localized (Fig. 4). Like CERT, FAPP2 contains a PH domain, PI4P 
binding to this domain being required for FAPP2 localization to Golgi. Besides this mechanism, 
the small GTPase ARF1 is also involved in the recruitment of FAPP2 to the trans Golgi network 
(Fig. 4). FAPP2 also possesses a glycolipid-transfer protein homology domain that is highly specifc
for GlcCer, but does not transfer SM, PC or Cer.90 All these observations suggest that GlcCer is 
transported from the cis side of Golgi to the trans side by FAPP2 in a nonvesicular manner. On
the other hand, van Meer’s group presented a different hypothesis64 for this transport: GlcCer
synthesized at the Golgi should be retrogradely transported by FAPP2 to the ER, here translocated 
to the lumen and then transported to the Golgi again to be further glycosylated. So far, whether
and how FAPP2 can interact with the ER remains unknown.

Glycolipid Transfer Proteins
Glycolipid transfer proteins (GLTPs) are small, soluble and ubiquitous proteins able to ac-

celerate the intermembrane transfer of glycolipids in vitro.112 GLTP specificity encompasses both
sphingoid- and glycerol-based glycolipids, but with a strict requirement that the initial sugar residue
be�-linked to the hydrophobic lipid backbone.113,114 Even if early studies with porcine and bovine
GLTP established the ability of the protein to selectively accelerate the intermembrane transfer of 
GSLs in vitro, the mechanism of protein action remained poorly defined.112

Figure 4. Proposed role of FAPP2 in the transport of GlcCer. According to the actual view, FAPP2
mediates GlcCer transport between cis- and trans-Golgi cisternae. See text for details.
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Recently, Mattjus proposed that GLTP is not likely involved in the de novo synthesis of GSLs, 
but could rather play a role as a glycolipid sensor for the cellular levels of GlcCer.115 Further studies 
are required to clarify GLTPs role in sphingolipid transport.

Membrane Contacts
Several organelles make close contacts with each other at zones of apposition called membrane

contact sites, which might provide an alternative means of sphingolipid transport. For example, Cer
synthesized in the ER has been proposed to diffuse to mitochondria at contact sites (Fig. 2).116 This 
could be of relevance, as mitochondrial Cer has been implicated in the regulation of apoptosis and
no pathway of vesicular transport to mitochondria is known. However, up to know, the transport
of different sphingolipids to mitochondria (if any) remains largely unknown.

Sphingolipid Vesicular Transport
Vesicular transport represents a crucial mechanism of sphingolipid intracellular traffic. By this 

transport different sphingolipids travel as membrane components of small carrier vesicles from a 
donor compartment to a specific target membrane, where the vesicle fuses. The vesicular transport
of sphingolipids is believed to be operated by molecular machineries similar to those of proteins,
cytoskeleton proteins and associated molecular motors playing an important role.117

Sphingolipid vesicular flow is divided into two major routes depending on its direction in
relation to the cell membrane: the biosynthetic and the endocytic pathways. Notably these routes
may be interconnected at different levels.

Biosynthetic Vesicular Pathway
The biosynthetic route starts on membranes of the ER where the enzymes for Cer biosynthesis

are localised and implies Cer transport to Golgi, where the biosynthesis of SM and GlcCer occurs. 
Several pieces of evidence support that, besides the CERT-mediated transport (see above), neosyn-
thesized Cer at the ER appear to move to Golgi, through a vesicle-mediated route (Fig. 2).85,118,119

Indeed, protein- and vesicular-dependent routes have been shown to coexist in mammalian cells
and yeast120,121 and to separately contribute to the control of Cer metabolism and levels.88

Vesicular transport appears crucial for Cer delivery to GlcCer synthase. In fact, CERT down-
regulation inhibits SM biosynthesis, but not that of GlcCer in different cells.85,88,90 Although
ER-Cer sorting into vesicles appears dictated by the specificity of CERT for specific SMs and
functional to the transport of Cer for the biosynthesis of GlcCer, the biosynthesis of SM is, at least 
in part, dependent on the vesicular transport of a pool of Cer to SM synthase.88,120

The property of Cer of promoting membrane vesiculation and budding appears involved in 
the ER-Golgi vesicular transport of Cer.35 In agreement, ongoing Cer synthesis is required for the 
efficient transport of GPI-anchored proteins from the ER,122,123 suggesting that Cer has a function 
in the sorting of specific, ER-derived vesicles. Intriguingly, PI3K/Akt has been shown to regulate
the ER-Golgi vesicular transport of Cer and consequently Cer levels in C6 glioma cells,124 implying 
this traffic in Cer-mediated signaling too.

The transport of intermediate and final products of sphingolipid biosynthesis through the Golgi 
apparatus to the cell surface requires vesicular transport (Fig. 2). In fact, complex sphingolipids are
synthesized on the luminal leaflet of the Golgi and in order to reach the PM, they must be sorted 
from the Golgi into anterograde-moving vesicles.101,119,125 Even though the mechanisms underlying 
sphingolipid sorting remain unknown, sphingolipid and Chol segregation from coatomer protein
I (COPI) vesicles has been shown to occur at the Golgi apparatus.126

In polarised cells (such as epithelial cells and hepatocytes) basolateral and apical membranes 
maintain a different sphingolipid composition, GSLs being enriched at the apical membrane,
whereas the basolateral one displays a normal content.119 These differences imply the sorting of 
distinct molecules and a specialised sphingolipid trafficking en route to the PM. Whereas baso-
lateral sorting relies on the recognition of specific targeting proteins by adaptor-protein coats,127

apical protein sorting is stimulated by PKA and appears dependent on the interactions between 
GSLs and specific glycoproteins (as glycosylphosphatidylinositol (GPI)-anchored proteins) in the
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trans-Golgi.128 The selective sorting of GSLs in the apical transport remains poorly understood, but
it must involve GSL lateral enrichment in budding apical precursor vesicles,125,129 their hydrogen 
bonding tendency might possibly favour their segregation from other lipids. In hepatocytes, the 
displacement of type II PKA from its anchoring in the Golgi selectively excludes newly synthe-
sized sphingolipid analogues from the direct Golgi-to-apical surface transport and results in their
vesicular transport to the basolateral surface.130 Moreover, GlcCer synthesis inhibition delays
Golgi-to-apical surface trafficking of a specific set of protein,130 suggesting that GSLs at the Golgi 
are sorted into specific vesicles, which are stimulated by type II-PKA and crucial to the delivery 
of specific proteins to the apical surface.

Endocytic Pathway
In the endocytic pathway, parts of the PM containing sphingolipids bud and are incorporated

into early endosomes (Fig. 2). Endocytosis can occur through clathrin-dependent, caveolae-depen-
dent or clathrin/caveolae-independent mechanisms, either constitutively or ligand-stimulated.131

In a single cell type multiple endocytic mechanisms with different cargos and protein machinery,
may exist.131

In early endosomes different and specific steps of sorting gradually occur. This sorting results 
in the formation of intraluminar vesicles and gives origin to multivesicular endosomes (MVEs
or late endosomes). Different components of the Endosomal Sorting Complex Required for
Transport (ESCRT) play a role in the formation of intralumenal vesicles, although their precise
role remains to be clarified.132

It is believed that endocytosis occurs at sphingolipid-enriched regions of the PM and recent 
studies indicate that variations of specific sphingolipids influence endocytototic flow. For example, 
addition (or depletion) of GSLs, but not SM, selectively stimulates (or/inhibits) caveolar endo-
cytosis in different cells.133,134 In addition, SM accumulation at the PM, impairs the membrane 
targeting and activation of Rho A and leads to defects on RhoA-regulated endocytosis.134,135

Thus sphingolipids appears of relevance and differentially required in the regulation of different
endocytic mechanisms.

Sphingolipids can be delivered to different membranes as components of both the endo-
somal- or of intralumenal-vesicle membranes. After internalization via endocytosis, different
vesicles transport sphingolipids to three major destinations, including the lysosomes (degrada-
tion pathway), the Golgi apparatus where additional glycosylations of GSLs may take place, or
the PM (direct recycling and transcytosis).

The current view is that sphingolipids destined for degradation reach the lysosomes as mem-
brane components of MVE internal vesicle (Fig. 2). After fusion with lysosomes, these vesicles
become intralysosomal vesicles, their membranes (internal membranes) providing the platform
of sphingolipid (and other membrane components) degradation.136,137

During the maturation of MVEs destined to lysosomes, lipid-sorting occurs and leads to the
formation of internal vesicles enriched in bis(monoacylglycero)phosphate (BMP) (incorrectly also 
called lysobisphosphatidic) and depleted of Chol.137 BMP-containing membranes play a role in 
GSL degradation136 and regulate the export of Chol from internal membranes138 and lipid sorting/
export from late endosome intralumenal membranes to other cellular destinations.132

Chol removal from internal membrane vesicles is crucial for degradation processes. Schulze
et al137 proposed that during endocytosis the decrease in luminal pH is paralleled by SM degrada-
tion to Cer by acidic SMase and increased Cer may displace Chol from sphingolipid-enriched
domains,139 facilitating its transport out of the lysosomes.

Sphingolipid digestion by lysosomal hydrolases produces several molecules, such as fatty 
acids, sphingoid bases and monosaccharides, which are not further degraded in the lysosome,
but exported and mainly recycled for biosynthetic purposes. These salvage pathways represent an
important saving of energy in the cell economy and constitute a relevant event in sphingolipid 
turnover.140 Despite Sph is efficiently recycled in different cells, the mechanism of its egress from 
lysosomes is unknown. Since Sph would be expected to partition in lysosomes by virtue of its
ionizable positive charge, its exit from the lysosome should be protein-facilitated.
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The direct recycling of endocytosed vesicles back to the PM can occur via early endosomes or
MVEs. In early endosomes, some sphingolipids together with other lipids and proteins that need
to be recycled back to the cell surface, such as receptors, are collected into tubular domains that
eventually detach and form recycling endosomes.141 The direct recycling of both fluorescent and
natural SMs has been reported to be different, short-chain SMs being more efficiently recycled 
than the long chain SMs.142 Furthermore, Chol loading or depletion of proteins involved in MVE
formation or late endosomal trafficking altered the recycling and/or lysosomal degradation of 
SMs in a chain length-dependent manner.142 Thus sphingolipid recycling appears a protein- and 
Chol-regulated process and might involve the specific sorting of sphingolipid molecular species.

At least in some cell types, recycling of MVEs can occur. Upon fusion with the PM, MVEs 
extracellularly release their intralumenal vesicles as exosomes, which play key role in multiple 
processes as intercellular communication and antigen presentation.In a recent study per-
formed in an oligodendrocyte cell line, Trajkovic et al34 reported that exosome formation is
ESCRT-independent but requires neutral SMase 2-mediated Cer formation on the cytosolic 
side of endosomes and purified exosomes were found Cer-enriched. The Authors suggested that 
Cer-induced aggregation of lipid microdomains leads to domain induced inward budding of 
intraluminal vesicles.34

Besides the direct route from the Golgi, polarised cells can employ an indirect route (transcyto-
sis) to transport GSLs (and specific proteins) to the apical membrane, involving prior sphingolipid
delivery to the basolateral surface followed by rerouting to the apical membrane. For example, in
polarized Madin-Darby-canine-kidney cells, newly synthesized GSLs and GPI-anchored proteins
are first delivered to the basolateral membranes and then internalized by a clathrin-independent
pathway that leads to the apical membrane.145 Thus in some polarised cells the sorting of newly 
synthesized GSLs and GPI-anchored proteins might not occur at the trans-Golgi, but during inter-
nalization through caveolae from the basolateral membrane. Transcytosis is stimulated by cAMP, 
which requires dihydroCer synthase activation, probably functional to sphinganine removal.146 In
agreement, the accumulation of sphinganine results in frustrated cAMP-stimulated transcytosis
and impaired apical membrane biogenesis.146

Conclusion
Cells regulate the localization of sphingolipids through a complex compartmentation of 

sphingolipid metabolism as well as a spectrum of intramembrane and intermembrane transport
processes. These are sophisticated processes, controlled by local or extracellular interactions and 
stimuli and strictly interconnected, endowing the cells to fully integrate different sphingolipid
molecules as key components and modulators of cell structure and functional properties. This 
complexity appears fundamental in sphingolipid transport, making it efficient, allowing it to move
single or pools of sphingolipid molecules even in opposite directions and to proceed at different
rates and adapting sphingolipid localization to specific inputs. In cells, this complexity should allow 
different sphingolipids to behave differently under different conditions, to respond to different
cellular requirements and finally to display multiple functional properties.

In spite of extensive work, in most cases the precise nature of the molecular mechanisms that
control the interaction between sphingolipids and their membrane environment and govern all the
specific processes of sphingolipid transport in the living cells remains limited. Several important
questions about its complexity remain also unanswered, such as the mechanisms underlying the 
interactions of multiple systems involved in sphingolipid transport, the control of sphingolipid 
transport by molecular interactions and signaling mechanism, as well as the pathological conse-
quences of its derangement.

Solving these questions will represent an important challenge in the future. This will require
the development of improved, new methods for manipulation and detection of specific molecular
species or pools of sphingolipids at distinct intracellular sites, as well as an integrated approach
that also includes the transport of membrane proteins.
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Abstract

Sphingolipid (SPL) metabolism (Fig. 1) serves a key role in the complex mechanisms
regulating cellular stress responses to environment. Several SPL metabolites, especially 
ceramide (Cer), sphingosine (Sph) and sphingosine1-phosphate (S1P) act as key bioactive 

molecules governing cell growth and programmed cell death (Fig. 2). Perturbations in sphingo-
lipids of one type may enhance or interfere with the action of another. To monitor changes in SPL 
composition therefore, reliable analytical methods are necessary.

Here we present the liquid chromatography tandem mass spectrometry (LC-MS/MS) ap-
proach for simultaneous qualitative and quantitative monitoring of SPL components (classes and 
molecular species) in biological material as an effective tool to study sphingolipid signaling events.
The LC-MS/MS methodology is the only available technique that provides high specificity and
sensitivity, along with a wealth of structural identification information.

Introduction
Although sphingolipids (SPLs) have long been thought to function exclusively as structural 

constituents of the plasma membranes, in the past two decades research into the sphingolipids has 
progressed along two areas. First, SPLs have been shown to influence membrane structure, where 
they have been proposed to exist in clusters and form microdomains containing cholesterol at the
plasma membrane, the so-called “lipid rafts”.1 These lipid microdomains are thought to function 
as platforms for effective signal transduction and correct protein sorting. Second, many SPLs
have been shown to act as both first and second messengers, as well as bioactive mediators, in a 
variety of signaling pathways. Thus, the SPL metabolites—ceramide (Cer), ceramide-1-phosphate
(Cer1P), sphingosine (Sph) and sphingosine 1-phosphate (S1P)—have emerged as a new class
of lipid biomodulators for various cell functions and through participation in and influencing of 
multiple signaling pathways.2-5 During the last 25 years there has been a dramatic increase in the
studying of sphingolipid signaling in many patho-biological disorders but only recently new tools
and approaches became available to examine these processes out, such as highly sensitive mass
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spectrometry methods for sphingolipid analysis. This chapter describes the high-performance 
liquid chromatography-tandem mass spectrometry (LC-MS/MS) for sphingolipid analysis in 
biological samples.

Sphingolipids: Structure and Composition
Prevalent complex SPLs: phosphosphingolipids (PSLs) and glycosphingolipids (GSLs) are

found in all eukaryotes, some prokaryotes and viruses, mainly as components of the plasma mem-
brane and related organelles. SPLs constitute about 30% of the total lipid of plasma membranes.

SPLs constitute one of the most structurally diversified classes of amphipathic lipids abundant
in all living organisms. Variations in the nature of the head group attached to the primary 
hydroxyl group (carbohydrates, phosphocholine, phosphate or phosphoinositol), N-acyl group
and sphingoid base (SB) backbone result in a great number of chemically distinct SPLs, where
Sph, sphinganine (dhSph) or phytosphingosine (phytoSph) are the core structural moieties.
Thousands of natural complex SPLs have been isolated based on almost 60 distinct species
of sphingoid bases, although most of them are very minor components. SBs, the backbone of 
all SPLs, encompass a wide array of (2S, 3R, 4E)-2-amino-1,3-dihydroxyalkenes (Sphs), (2S,
3R)-2-amino-1,3-dihydroxy-alkanes (dhSphs) and (2S, 3S, 4R)-2-amino-1,3,4-trihydroxyalkanes 
(phytoSphs) with alkyl chain lengths from 14 to 22 carbon atoms and variations in the number and

Figure 1. Sphingolipid biosynthesis and metabolic pathways; metabolomic profiling of sphin-
golipids. Abbreviations used in the figure: 3-keto-dhSph, 3-keto-dihydrosphingosine; dhSph, 
dihydrosphingosine; dhS1P, dihydrosphingosine 1-phosphate; dhCer, dihydroceramide; Sph, 
sphingosine; S1P, sphingosine 1-phosphate; Cer1P, ceramide-1-phosphate; SM, sphingomy-
elin; lyso-SM, lyso-sphingomyelin; DAG, diacylglycerol; O-Acyl-Sph. O-acyl-sphingosine, 
O-Acyl-Cer, O-acyl-ceramide; N-Me-Sph, N-methyl-sphingosine; N.N-DMSph,
N,N-dimethyl-sphingosine; PA, palmitic acid; EAP, ethanolamine phosphate; HD, hexadecenal; 
GL, glycerolipids; de-SM, demethylated sphingomyelin; PGLs, phosphoglycerolipids; GlcCer, 
glucosylceramide; GalCer, galactosylceramide; GSLs, glycosphingolipids.
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position of the double bonds, hydroxyl groups and branching methyl groups. Mammalian SPLs
are predominantly composed of 2-amino-1,3-dihydroxyoctadecene (18CSph, abbreviated here 
as Sph) and 2-amino-1,3-dihydroxyoctadecane (18CdhSph, abbreviated here as dhSph) (Fig. 2). 
Yeast and plant SBs are mainly composed of 2-amino-1,3,4-trihydroxyoctadecane (18CphytoSph), 
18CdhSph and their eicosa-homologs (20CphytoSph and 20CdhSph). Additionally, some SPLs’
SBs may contain a double bond in position 8 or have double bonds in positions 4 and 8 or/and
have a methyl group in position 9 of the sphingosine backbone (which can be found in plant and 
fungi SPLs).

Ceramides are N-acyl-derivatives of SBs. Combinations of different SBs with different fatty ac-
ids (including their hydroxy-analogs) generates a huge variety of Cers, dhCers and phytoCers.

These basic SPLs are modified at the 1-hydroxyl group to: (i) phosphates (e.g., S1P and Cer1P), 
(ii) phosphocholine-analogs (e.g., sphingomyelin, SM and lysosphingomyelin, lyso-SM) and (iii) 
glucosyl- and galactosyl-analogs (e.g., glucosylceramide, GlcCer and galactosylceramide, GalCer, 
known as cerebrosides and their lyso-form: psychosine). Members of the latter group also serve
as precursors to hundreds of different species of complex GSPLs.

SPLs constitute the second major category of polar lipids and for example they represent
approximately 5-10% of total lipid mass in mammalian brain (6-8). Abnormal SPL metabolism 
could lead to their accumulation and deposition in multiple tissues, especially neural tissues, that
results in potentially severe clinical manifestations, known as the sphingolipidoses.6

The structural diversity of SPLs dictates that every step in analysis of these natural products 
must be carefully evaluated.

Figure 2. Natural sphingolipids are a highly heterogenous system related to the sphingoid bases and
derivatization made on the amino- and hydroxy-functions. Structures shown in this figure represent 
derivatives of 18C-SB (sphingoid bases containing C18-backbone chain) indicating SPLs containing 
2-amino-1,3-dihydroxy-octadecene-4E, 2-amino-1,3-dihydroxy-octadecane and 2-amino-1,3,4-tri-
hydroxy-octadecane. General structures, nomenclature and abbreviations for SPLs are cited and 
described in this presentation. Cn -indicates the chain length of N-acyl part of SPLs.



49Sphingolipid Analysis by HPLC-MS/MS

LC-MS Methods for Detection and Analysis of Bioactive Sphingolipids
Technological advances in lipid detection, analysis and quantitation have played a key role in

promoting the development of the sphingolipid research field. Traditional lipid analytical methods, 
such as thin-layer chromatography, are hampered by limited sensitivity, selectivity and resolution. 
Metabolic labeling using lipid precursors (such as serine or palmitic acid) have been wildly used
for selective labeling of certain classes of lipids, which are then typically separated using thin-layer
chromatography and visualized by autoradiography. However, this method is affected by incorpo-
ration of radioactive substrates and this does not always reflect the primary lipid contents in cells.
Furthermore, thin-layer chromatography has low resolution and low sensitivity; thus it is difficult
to identify the subspecies of individual SPLs.

The development of advanced mass-spectrometry-based methodologies has allowed the simul-
taneous assessment of several SPL subgroups as well as the probing of individual molecular subspe-
cies such as various chain-length Cers. To understand the physiological function of sphingolipid 
metabolites, it has become important to know the metabolic change of particular SPLs and their 
individual subspecies from one sample. Here, we review methods for simultaneous analysis of SPLs 
using liquid chromatography tandem mass spectrometry techniques.

Lipidomic Approach
The term “lipidomics” has recently emerged9-13 in relation to genomics and proteomics. Thus, 

lipidomics can be defined as the full characterization of lipid molecules in the studied biological
material “Sphingolipidomics” will define the field of sphingolipids.

A variety of sample preparation, ionization modes and instrumental designs have been 
developed to analyze particular SPL classes by MS technology.14 Design for this methodology 
has been based on the fact that different SPL subclasses dissociate into structurally distinctive 
patterns corresponding to their sphingoid bases, N-acyl chains and polar headgroups.15-25 Recent 
advances in electrospray ionization (ESI) have provided a new approach to successfully examine 
total SPL components in crude lipid extracts.19,22,23,25 Electrospray ionization (ESI) methodology 
allows generation of intact molecular ions of molecules from solution, delivered by direct infu-
sion or by coupling high performance liquid chromatography (HPLC) column directly to the
mass spectrometer. Further improvements in instrumentation, such as the triple quadruple with
robust ion sources, fast scanning mass analyzers and reduced chemical noise (mainly in MS/MS 
technique) allow the identification and quantitation of SPLs with great sensitivity (sub-picomol
detection limit) in a highly reproducible manner. SPL identification is accomplished by tandem
mass spectrometry (MS/MS) with precursor ion scans to distinguish various molecular species
in crude lipid extract by taking advantage of the unique molecular decomposition pattern19,25 for
each SPL class (Fig. 3). SPL quantitation is performed by using positive ionization and multiple 
reaction monitoring (MRM) in conjunction with HPLC separation.25 Liquid chromatography/
tandem mass spectrometry (LC-MS/MS) is the only technology available that provides structural
specificity, quantitative precision and relatively high-throughput for analysis of complex SPLs in 
small samples.

Sample Preparation
The extraction process is one of the most important steps in pretreatment of solid (cell pellets,

tissue) and liquid (plasma, serum, whole blood, biological fluids) samples.
Chloroform: methanol 2:1 (v/v) extraction, developed in 1956 for fish tissue,26 further

improved in 1959 by Bligh and Dyer,27 became a golden standard procedure, known as the
“Bligh & Dyer” (B & D) method and it is still commonly used for lipid extraction from all
biological matrices. It involves a two step extraction employing chloroform: methanol: water at 
well-defined ratios of 1:2:0.8 and 2:2:1.8, respectively. According to the originators, the upper
(methanol: water) phase contains all the “nonlipid” substances, while most lipids remain in the
lower (chloroform) phase. This virtually unchanged procedure is commonly applied to most SPL
sample preparation, regardless of the analytical procedure subsequently used e.g., TLC, HPLC 
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or MS, although the extraction efficiency, particularly for the most polar SPL components as 
S1P or lyso-SM seems to be questionable.

Over time, some modifications to the B & D have been incorporated in the isolation of SPLs, 
mostly intended to remove the bulk of the major co-extracted components, especially the glycero-
lipids, by subjecting the initial chloroform extract to a mild alkaline hydrolysis that cleaves ester
linkage.25,28-36 However, 1-O-acyl-ceramides (O-AcylCer) and related compounds37 will also be 
hydrolyzed, thus artificially increasing the level of Cers. Comparison of the Cer level calculated 
from lipid extracts that were prepared with and without the base hydrolysis step can provide im-
portant data about the level of O-AcylCers. Our results showed some (20-40%) increase in Cers 
after this treatment. Nevertheless, this simple approach is recommended in the preparation of 
samples for SM analysis to allow elimination of phosphatidylcholine (PC) from the lipid extract, 
which may interfere with SM determination, even at highly specific LC-MS/MS analysis, due to
close masses and fragmentation pattern.

Several attempts to further separate the initial total lipid extracts into particular lipid classes 
by a set of solid phase extraction (SPE) cartridges38-40 proved to be very time consuming and not 
reproducible. Moreover, it may not be necessary when selective LC/MS technology is employed 
for analysis.

We developed41 a one-phase extraction, using ethyl acetate: iso-propanol: water system at 
60:30:10; (v/v/v) and 85:15:0 (v/v/v) for cell pellets and tissue homogenates and aqueous samples,
respectively. The protocol describes lipid extraction under a safe and neutral condition to avoid 
destruction of the parent “soft” SPLs (e.g., SPLs containing O-acyl group), assuring efficient and
quantitative extraction of the SB-1Ps from biological material since the latter are notoriously dif-ff
ficult to recover quantitatively.39,42

Readers interested in developing and/or improving existing methods of sample preparation 
are referred to an excellent review by McDowall.43

Analysis of Intact Sphingolipids by Mass Spectrometry
Mass spectrometry is a powerful detection technique that enables separation and characteriza-

tion of compounds according to their mass-to-charge ratio (m/z). Its essential components include 

Figure 3. Typical MS/MS fragmentation patterns of sphingosine (A), sphingosine 1-phosphate 
(B), ceramide (C) and sphingomyelin (D). The specific common fragment ion of m/z  264 (2, 
panel C) for Cers and m/z  184 (1, panel D) for SM are used in the Parent Ion Scan experi-
ments for determination of molecular species composition prior to quantitative analysis with 
the MRM experiments.
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a sample inlet, ion source, mass analyzer, detector and data handling system. The combination of 
sensitivity, selectivity, speed and ability to provide invaluable structural information makes MS
an ideal method for analysis of intact lipid molecular species.

The interest in the analysis of lipids in general especially SBs, SB1Ps, Cers, Cer1Ps, Glc/GalCers 
and SMs has continued to evolve due to the importance of these molecules in various biological
transformations. SPL molecular species exist in nature as a complex mixture of closely related
components which differ in the fatty acid chain length, degree on unsaturation and hydroxylation. 
These species differ greatly in their chemical and biological properties. Various analytical methods 
have been employed to separate and analyze individual species from intact (underivatized) form,
out of which ESI/MS is the method of choice providing the following advantages:44

transport of the molecular species

The sample introduction can be either by direct infusion or through preceding separation 
devices such as liquid chromatography (LC).

Mechanism of Electrospray Ionization Mass Spectrometry (ESI/MS)
ESI/MS, invented in the 1960s, was put into practice by Fenn et al.45,46 It involves transforma-

tion of ions from the liquid to the gas phase. It is a method that operates at atmospheric pressure 
and ambient temperature. Initially, a solution containing the analytes of interest is introduced to
the ESI ion source through capillary tubing. The narrow orifice at the end of the capillary and the
dynamic forces facilitate formation of sprayed small droplets in the ionization chamber. Application
of electric potential (approximately 2-5 kV) causes ionization, consequently the droplets carry a net
charge. The charged droplets are then directed into the mass analyzer by the applied electric field.
The applied potential may be positive or negative depending on physicochemical properties of the
analytes. Passing through the ionization chamber, the droplets dissolve and this effect dramatically 
increases the columbic forces between the ions. Once this force exceeds the surface tension of the 
solvent, the droplets explode to form a fine mist of smaller droplets. This cycle is repeated until 
molecular ions are generated prior to their entrance into the mass analyzer.47

The soft ionization can generate lipid molecular ions without causing extensive 
fragmentation.18,25,48-50

MS Scan Modes
A number of mass analyzers are available, e.g., quadruple, ion trap, time of flight, ion cyclotron

resonance, or sector instruments, which separate charged molecules in vacuum depending on 
their m/z ratio.

In so called full scan (FS) mode, a spectrum of primary, mostly molecular, ions is identified. This
is the least specific mode with low sensitivity and it is mostly used for a rough assessment of major 
components of biological material when no or very limited information about SPL composition 
exist. However, interferences from other compounds present can either suppress ionization or 
cause a high chemical noise making such detection of SPL virtually impossible.

Moreover, the mass analyzers can also be used for fragmentation, predominantly in the triple
quadruple instrument. In this instrument, the middle (Q2) field free quadruple either focuses and
transmits all ions, or can be used as a collision cell for controlled fragmentation, called collision
induced dissociation (CID). As results of a collision with an inert gas, introduced into the collision
cell, the internal energy of the ions increases through conversion of kinetic energy breaking out
specific bonds, depending on the collision energy applied.51-52 The fragment ions are then analyzed 
in the second mass analyzer (third quadruple Q3). The choice of collision gas, its pressure and 
particularly the applied collision polarization and energy, affect the degree of fragmentation.

When a single quadruple instrument is used, partial fragmentation can be induced in the source
by elevating the cone-to-skimmer potential difference. Protonated molecules desorbed from the 
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ESI droplets are accelerated between the cone and skimmer, undergoing CID upon collision with
residual carrier gas molecules.52

Initial “soft” ionization of extracts prepared from biological samples results in numerous SPL
molecular ions either positive (M � H)� or negative (M-H)�. When the precursor ion fragments,
it generates secondary (called daughter) distinctive pattern of ions related to the head group, SBs
and fatty acids. This provides a wealth of structural information, enabling identification of SPLs 
in particular biological material. The positive ionization fragmentation can be enforced by incor-
poration of alkali metal ions (M � Me)� where Me  Li�, Na�, K�, Rb�, or Cs�.18,53 In addition to
structural information, tandem MS provides a higher sensitivity, specificity and greatly reduced
chemical background, thanks to very selected mode of monitored masses.

Specific Scan Modes for MS/MS Instrumentation
Product Ion Scan

In product ion scan, the first mass analyzer (Q1) allows a single ion with a set m/z value to 
pass and this is then further fragmented by CID in the second quadruple (Q2), the secondary 
(daughter) ions are then scanned over a defined mass range by the third quadruple (Q3) and passed 
to the detector. The relative abundance of the product ions depends on the dissociation dynamic;
therefore, changing the CID collision energy, a fragmentation pattern is observed which is specific 
for each SPL class of compounds.

Neutral Loss (NL)
In a neutral loss scan, Q3 is offset from Q1 by fixed m/z, corresponding to specific neutral loss,

e.g., 18 Dalton for loss of a water molecule. Both Q1 and Q3 scan over specified ranges of m/z
values. In this mode, the detector records only those precursor ions that decompose, losing the
specified neutral fragment. This type of MS experiments highly decreases chemical noise and is 
very helpful in identification of unknown SPLs.

Precursor Ion Scan (PI)
In a PI scan mode, the Q3 is set to pass specific m/z value, characteristic of a defined second-

ary ion. The Q1 scans across m/z range, recording only those primary ions which decompose to 
the specified product ion of interest. This highly specific scan mode eliminates or at least greatly 
reduces chemical noise and it constitutes a very useful identification tool since each class of SPLs 
yields at least one common product ion. Thus, setting Q3 to this specific daughter ion and scanning 
Q1 over the expected parent ion mass ranges, a spectrum of molecular species for an unknown
biological sample may be identified.

Multiple Reaction Monitoring (MRM)
In a MRM experiment, the Q1 is set to pass specific precursor ion m/z and Q3 specific daughter

ion m/z only.
This makes the MRM the most specific and sensitive MS/MS experiment allowing the analysis

of even very minor components of a complex mixture with great precision and sensitivity. Such 
experiment practically eliminates chemical noise, thus makes it an ideal tool for quantitative analy-
ses, particularly if coupled with HPLC physical separation. Multiple mass transitions, specific for
particular compound, may be monitored sequentially; therefore, a large number of compounds 
may be analyzed together. Optimization of CID parameters for each compound of interest results 
in best sensitivity and specificity.

Sphingolipid Identification
Due to the complexity of sphingolipids, which usually constitute minor components of a 

crude lipid extracts, identification of individual molecular species is necessary before attempting 
any quantitative determination. This task can only be achieved with application of MS, particu-
larly with precursor ion scan (PI) experiments. Although direct infusion full scan MS have been
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attempted,30,36 reliable results may be obtained only for negative mode, in which a limited number 
of SPLs, such as free fatty acids, are ionized. In full scan positive mode, high chemical background
makes any identification virtually impossible.

Qualitative analysis of SPLs from crude extracts is best accomplished by analysis of their unique
molecular decomposition products using a PI scan of common fragment ions, characteristic for
the particular class of SPLs (Fig. 3).32,33,48 Readers are directed to the comprehensive studies on 
fragmentation patterns for mammalian and yeast SPLs, presented by Sullard18 and Shevchenko,54

respectively. Briefly, for mammalian SPLs, the m/z 264 and m/z 266 are the common fragment
ions used for identification of Sph and its saturated counterpart, dhSph derivatives, respectively.

Considering the complexity of SPL composition, as well as the presence of many other lipid
related compounds in biological material extracts, it is advisable to confirm initial identification,
derived from PI scan, in order to avoid false identification. This may be accomplished by other, more 
compound-specific MS experiments, such as product ion scan of the newly identified molecular
ion, or in a MRM experiment, with mass transition unique for the particular molecule e.g., single 
or double dehydration for Cers or NL of sugar moiety for GlcCers.

Ionization conditions and collision energy are optimized for individual molecular species to 
achieve maximum sensitivity and quantitative accuracy. SPLs composition has to be established
for every new matrix.

Cer, Cer1P and GlcCers’s molecular species (C18-SB) is established by the Precursor Ion scan,
performed for the common Product Ion (m/z ) 264.2 and 266.1 for Sph and dhSph derivatives, 
respectively at the high collision energy (35-55 eV), operating in positive ionization mode (Fig. 
3). A representative sample extract is infused directly into ESI source and it is then scanned for 
molecular ions of the potential SPLs. Further confirmation of identity is achieved through MRM
analysis with “soft” fragmentation (15-30 eV). Running sample through the HPLC system also
confirms a reasonable retention time. Only SPLs that satisfy identification criteria in both analyses
should be considered truly present in the sample.

SM and dhSM molecular species (18C-SB). Identification of the SM and dhSM components 
is performed similarly, employing common Product Ion (m/z 183.9) at 40 eV collision energy 
(Fig. 3).

Note: It is important to optimize the ionization conditions for each class of SPLs and collision energy 
for each individual molecular subspecies to be applied for quantitative MRM analysis.

HPLC-MS/MS Methodology
High Performance Liquid Chromatography (HPLC) is often employed for the separation of intact 

lipid molecules using various detectors. SPLs lack chromophores that would have enabled direct spe-
cific spectrophotometric detection. Some attempts have been made with UV55-59 and evaporative light 
scattering (ELSD).60-62 Both detectors, however, lack specificity and impose additional limitations. 
With UV detection, it is very difficult to select a working mobile phase (MB) since underivatized
SPLs absorb close to the 200-210 nm range, depending upon the degree of unsaturation of the FA
moiety and most of the commonly used solvents strongly absorb in this region.59,63

In the ELSD detector, the HPLC column effluent is evaporated, leaving the solute compo-
nents as fine droplets, which are illuminated by laser and the scattered light is measured. This
is an indiscriminatory detection since any compound that does not evaporate may be detected.63

An alternative technique that overcomes most of the above problems and provides both com-
pound specificity and quantitative sensitivity is the use of HPLC coupled with ESI/MS. It is one
of most powerful technologies for analysis of intact polar lipid molecules. The physical separation 
power of HPLC into either various lipid subclasses and/or individual molecular species within the 
class, together with MS highly selective detection, makes possible simultaneous determination of ei-
ther protonated or deprotonated molecules, providing also invaluable structural information.64

Both Normal (NP) and Reverse Phase (RP) HPLC have been employed and it is important
to select a solvent system that renders chromatographic resolution and ESI/MS compatibility to 
achieve maximum sensitivity.18,25,32,33,41,65-67
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Recently, the most powerful technique applied for SPL molecular species is the HPLC-MS/MS
instrumentation with the MRM scanning mode where each target analyte is uniquely identified
by the Precursor-Product ion mass transition and the specific retention time.

Quantitation
Quantitation of SPLs in biological extracts has been a least developed segment of the HPLC/

Q

MS/MS analysis due to very limited supply of commercially available individual standards. Only 
laboratories that have access to custom made synthetic standards41 were able to set up a reliable
comprehensive quantitative protocols for various SPL classes. Recently, however, Avanti Polar 
Lipids Inc. (Alabaster, AL) and Matreya Inc. (Pleasant Gap, PA) significantly increased their offer 
of synthetic standards, so those major difficulties can be gradually overcome.

To achieve reliable quantitation of all molecular species, calibration curves should be gener-
ated for as many representative components of SPL as possible, due to diversified MS responses,
as reflected by calibration curve slopes (Fig. 4).

Figure 4. Calibration curves of sphingoid bases and ceramides. The MS response varies for molecular 
species even within the particular SPL class, as indicated by the calibration curve slops; therefore, 
individual calibrations are generated for as many target analytes as possible. Linear instrument
response (R2 value of .99) is obtained for the typical calibration ranges: 1.0-400.0 pmoles for SBs
and SB 1Ps (lower panel), as well as for all ceramide species, Cn-Cers (upper panel).
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Selection of Internal Standards (ISs)
Selection of a representative set of internal standards, which serve as a reference for both

identification and quantitation, is critical for the analysis of a complex mixture of SPLs. Internal
standards should be as close as possible to the target analytes, presenting similar MS fragmentation 
pattern as well as physicochemical properties reflected by similar solubility, extraction efficiency 
and mobile-stationary phase relationship during the HPLC separation. The best IS would be a 
compound which is chemically identical to target analyte labeled with a stable isotope, usually 2H or 
13C. However, considering the large number of SPL molecular species, such approach is impractical; 
therefore, some compromise has to be applied. Often one IS per SPL class is used, mostly a sphin-
golipid with unnatural, usually lower, number of carbon atoms in the FA moiety.18,25,31-34,66,67

Bielawski et al.41 have introduced ISs for particular SPL classes synthesized from C17- SB as 
the closest “unnatural” sphingoid base to the natural C18-SB counterpart. This selection gives 
a confidence that physicochemical properties such as the elution order and mass fragmentation 
pattern accurately reflect natural SPLs, but are not present in the analyzed sample. Moreover, 
since they are introduced to the samples prior to extraction, incomplete extraction efficiencies are 
compensated for, rendering quantitation of the target SPLs more precise.

Quantitative Calibration
Generating a calibration mechanism for each target SPL in a class greatly improves the quality 

Q

of the obtained quantitative results. However, due to the limited availability of authentic standards
(see above), calibration for, as many as is practical, representative standards should be generated, 
so that calibration devised for the synthetic standard can be also used for few structurally closely 
related analytes.

Sometimes18,25,31-34,48,66,67 quantitation is performed using one IS as a single point calibration. 
This is not a very good practice since it assumes equal MS response to all molecular species in the
class. Unfortunately, MS responses varies widely, depending on both structural features (number 
of carbon atoms, branching, unsaturation etc.) as well as mobile phase composition which changes 
over time, particularly when gradient elution is employed.

Based on the above considerations, we have adopted the following approach to SPL quantitative
analysis.41 In this approach, quantitative analyses of SPLs are based on the eight-point calibration 
curves generated for each target analyte. The synthetic standards along with a set of ISs are spiked 
into an artificial matrix, then subjected to the identical extraction procedures as the test samples 
and then analyzed by the HPLC-MS/MS system operating in positive MRM mode, employing 
HPLC with gradient elution. Peaks for the target analytes and IS are recorded and processed using 
the instrument software system. Plotting the analyte/IS peak area ratios against analyte concentra-
tion generates the analyte-specific calibration curves. Any SPL for which no standard is available 
is quantitated using the calibration curve of the closest counterpart.

Data Handling
Results from the MS analysis represent the mass level of particular SPLs (in pmols) per total 

sample used for lipid extract preparation and quantitative analysis. In general, treatment with 
exogenous agents causes changes in SPL levels and compositions. For the final data presentation,
MS results should be normalized to some stable parameters (which are considered not affected
by that particular treatment). Total protein (mg), or phospholipid contents Pi (nmol) present
in the Bligh & Dyer extract,27 which corresponds to the amount of the biological material used
for MS analysis, can be used as the normalization parameters.29,68,69 Also normalization to the
total cell number is used.70 Final results should be shown as changes in the relation to the control 
(% control). From our experience, data normalized to the protein or to the Pi (shown as % of 
the control) are not exactly the same. It is critical that once the user selects the normalization 
parameter, it carry it out consequently throughout the total study for consistency of the 
generated quantitative results.
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Alternative Methodology
A variety of different techniques (mostly radio-labeling, HPLC analysis of fluorescent analogs

and enzymatic methods) in addition to MS methodology are used for SPLs measurement. Up to
now, the enzymatic method employing diacylglycerol kinase and (32P) ATP has been the most com-
monly used procedure for total sphingolipids quantitation in the range of 25 pmols to 2 nmols.69

Cellular SBs are most often analyzed by the HPLC technique developed for their fluorescent deriva-
tives.71 Cellular SB-1Ps are analyzed via their derivatization to (3H) C2-ceramide phosphate, by an 
enzymatic method (employs alkaline phosphatase), followed by action of recombinant sphingosine
kinase and (32P ATP)) after TLC separation of S1P from the cellular Sph, or by employing HPLC 
analysis of OPA-derivatised S1P.72-76 These procedures require less expensive equipment than mass 
spectrometry but are not as informative. SM may be determined by several different approaches
including TLC analysis, GC analysis of silylated derivatives and MS techniques.49,50,68,70 Total Cer 
and SM can be determined following hydrolysis and analysis of the liberated and derivatised SBs
by means of HPLC71,74 and the liberated fatty acids by means of GC77 or GC/MS.78

Conclusion
This chapter describes quantitative analysis of virtually all compounds involved in sphingolipid

metabolism and turnover (signaling) such as sphingoid bases, sphingoid base-1-phosphates, lys-
osphingolipids, ceramides, ceramide-1-phosphates, sphingomyelin and cerebrocides. The major
emphasis was put on the most versatile LC/MS technology, that provides a wealth of structural
information and specificity, essential in developing reliable analytical protocols, due to complexity 
of “sphingolipidome”.

The LC/MS/MS methods have been successfully applied to a large number of different mam-
malian, and yeast cell lines, as well as various tissue samples, that typically contain many different
sphingolipid subspecies, but constitute only a small fraction of crude lipid extracts.

So far there are not very good, mass spectrometry based analyses for some part of “sphingolipi-
dome”, namely complex gangliosides e.g GD3, due to lack of authentic, synthetic standards. Once
this problem will overcome new analytical methodology will follow.
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Abstract

Ceramide synthases (CerS) are integral membrane proteins of the endoplasmic reticulum. 
Six mammalian CerS have been described, with each utilizing fatty acyl CoAs of relatively 
defined chain lengths for N-acylation of the sphingoid long chain base. In this chapter,NN

we review the main functional features of the CerS proteins, discuss their fatty acid specificity,
kinetics, tissue distribution and mode of inhibition, as well as possible posttranslational modifica-
tions. We then address the reason that mammals contain six distinct CerS, whereas most other 
enzymes in the sphingolipid biosynthetic pathway only occur in one or two isoforms. Finally, we 
discuss the putative roles of CerS and the ceramide derived from the CerS, in signaling pathways
and in development of disease.

Introduction
Ceramide (Cer) is an important bioactive lipid that has been implicated in a variety of cell

biological processes ranging from regulation of cell growth to cell death and senescence.1-3 The 
biochemical pathways by which Cer is generated are highly conserved between mammals and 
yeast.4 Cer is composed of a long chain base (LCB), sphingosine (or sphinganine in the case of 
dihydroceramide (Fig. 1A)), which is acylated at the free amine nitrogen to form an amide bond.
The N-acylation reaction is catalyzed by ceramide synthases (CerS).NN

The first molecular characterization of genes involved in de novo Cer synthesis was made about
6-7 years ago with the observation that two genes in yeast, Lag1p and Lac1p, were required for
C26-Cer production5,6 (C26 indicates an acyl chain of 26 carbon atoms), the main Cer species
found in yeast. Around this time, an earlier version of this book was published.7 Strikingly, in the 
earlier version there was no discussion of the molecular identification of CerS; thus, the current
chapter serves not only to update the earlier book, but also demonstrates the remarkable progress
made in the study of CerS over the past 5-6 years.

After the discovery of Lag1p and Lac1p, database searches over the next couple of years8,9 re-
vealed six mammalian homologs, which were initially named Lass (Longevity Assurance) genes, 
but were recently renamed CerS (Ceramide Synthase)10 due to the assignment of their function 
as genuine ceramide synthases.11 Figure 1B shows the alignment of the sequences of the human
CerS family compared to the two yeast proteins. Phylogenetically, CerS1 is more closely related 
to yeast Lag1p and Lac1p than to the other mammalian homologs (Fig. 1C).10,12 Moreover, all
mammalian CerS, except CerS1, contain a Hox-like domain;13 however, this Hox-like domain is 
unlikely to act as a transcription factor since the first 15 amino acid residues of the Hox domain
are missing as are key residues involved in DNA binding. In addition, most of the Hox-like domain
can be deleted without affecting catalytic activity.13 Thus, the function of the Hox-like domain in 
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Figure 1. An overview of CerS biochemistry. A) Structures of CerS substrates and products. B) 
Alignments (performed using ClustalW2 (http://www.ebi.ac.uk/Tools/clustalw2/index.html)).
C) Phylogenetic tree comparing human and yeast CerS.

A

B

C

(Hox)CerS (i.e., those CerS which contain a Hox-like domain) is currently unknown. In yeast, an
additional subunit, Lip1, is required for ceramide synthesis,14 but mammalian CerS do not appear
to require any accessory proteins for activity.11

The main functional region of the CerS is the TLC (Tram-TT Lag-CLN8) domain,9,10 a region of 
~200 residues also found in other proteins.9 This definition is based on two additional proteins,
Tram1 andTT CLN8; Tram1 was found in a search for homologs of Lag1 in humans. The CerS ac-
tive site is located in the TLC domain; however, other members of the TLC domain-containing 
family do not appear to have CerS activity although they may modulate CerS activity.15
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Since their discovery, great interest has been shown in characterizing the CerS, with a view to
understanding their biochemistry and their biology. It is these aspects that we will now review.

Fatty Acid Specificity, Kinetics and Tissue Distribution
Each mammalian CerS utilizes fatty acyl CoAs of relatively defined chain lengths for Cer

synthesis (Table 1), using either sphinganine (derived from the biosynthetic pathway) or sphin-
gosine (derived from SL recycling) as the LCB. Thus, CerS1 uses mostly C18-CoA,16 CerS4 uses
C18- and C20-CoAs,17 CerS5 and CerS6 use mostly C16-CoA12,17 and CerS3 uses very long chain 
acyl CoAs (C26 and higher).18 CerS2 can utilize a wider range of fatty acyl CoAs, from C20 to
C26, but does not use C16- or C18-CoAs.19 The CerS produce 2-hydroxy (�-hydroxy) Cer with
a chain length similar to that of the respective nonhydroxy-Cer.20

A recent study examined the kinetics of Cer formation. Reactions proceeded according to
classical Michaelis-Menten kinetics21 and the Km values of all CerS towards sphinganine were 
in the low 	M range (Table 1). It should be noted that the Km values reported in this study 
were considerably lower than some reported earlier, in which values as high as 300 	M were
obtained (reviewed in ref. 22). This may be due to the use of detergents in some of these earlier
assays, rather than the detergent-free method described in reference 21. Interestingly, CerS4,
which can use either C18-CoA or C20-CoA,17 has an identical Km value towards sphinganine
irrespective of the acyl CoA chain length. This strongly supports the notion that the main
biochemical difference between the CerS proteins is in their use of acyl CoAs and that the
LCB binding site may be similar between CerS, although this cannot exclude the possibility 
that different CerS have different affinities towards different LCBs, as appears to be the case
with CerS5.17

The CerS are differentially distributed in various tissues, such that subsets of Cer differing in
acyl chain length could be made in specific tissues, presumably to meet the different physiological 
needs of each tissue. Analysis of levels of CerS mRNA in 14 mouse tissues19 demonstrated that
CerS2 was the most ubiquitously expressed, with the highest expression in kidney and liver (30-40 
molecules RNA/ng total RNA) (Table 1). CerS5 and CerS6 are also expressed in most tissues, but

Table 1. Biochemical and physiological features of CerS

CerS
Acyl CoA
Specificitya,b,c Tissue Distributiond

mRNA Level
in Predominant 
Tissued

(Molecules/
ng RNA)

Km Towards
Sphinganinee

(	M)
Mitochondrial
Localizationf

1 C18, C18:1 Brain/skeletal 
muscles

3.3 � 0.25 2.5 � 0.7 Yes

2 C20, C22, C24,
C24:1, C26

Kidney/liver 25-35 4.8 � 0.4 Yes

3 C26 and above Testes 22 � 1.3 1.7 � 0.4 Not measured

4 C18, C20 Heart/leucocytes/
liver/skin

6-8 1.8 � 0.4 No

5 C14, C16, C18, 
C18:1

All tissues—high in 
lung and epitheliag

0.15-1.7 1.8 � 0.4 No

6 C14, C16, C18 Intestine/kidney 2.5-3 2.0 � 0.6 Yes
aVenkataraman et al, 2002; Riebeling et al, 2003; Lahiri et al, 2005; Laviad et al, 2008; bMizutani et al, 
2005; 2006; cSpassieva et al, 2006; dRiebeling et al, 2003; Laviad et al, 2008; eLahiri et al, 2007; fYu 
et al, 2007; gXu et al, 2005.
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the expression levels (~1-3 molecules RNA/ng total RNA) are much lower than those of CerS2;
in another study, CerS5 was found to be highly expressed in mouse lung epithelial cells.23 CerS4
is expressed in most tissues with the skin, leukocytes, heart and liver showing highest expression. 
CerS3 is exclusively expressed in testes18,19 and skin,19 specifically keratinocytes,20 whereas CerS1
is highly expressed in brain and skeletal muscles.

To determine if there is a correlation between CerS mRNA levels and Cer acyl chain lengths 
in different tissues, the distribution of Cer subspecies was compared to those of the relative ex-xx
pression levels of CerS mRNA.19 The two tissues with the highest CerS2 mRNA levels, kidney 
and liver, also had the highest proportions of C22 to C24-Cer. Kidney also has high proportions
of C22-24 acyl chains in sphingomyelin (SM) and hexosylceramides (HexCer) as does liver, al-
though the N-acyl chain composition of HexCer differs from that of Cer and SM. For the otherNN
three tissues examined (brain, testis and skeletal muscle), CerS2 mRNA was less prevalent than 
the mRNAs of the other CerS and the proportions of C22-, C24- and C24:1-Cer and -SMs are 
correspondingly lower. Interestingly, for two of these tissues (brain and skeletal muscle), HexCer 
contains surprisingly high proportions of C22-24-Cer, suggesting that there are factors other than
the relative amounts of the CerS mRNA that affect the Cer subspecies distribution, particularly 
in downstream complex SLs and glycosphingolipids.

Most studies, at least those using immunofluorescence to examine the localization of 
ectopically-expressed proteins, suggest that CerS are located exclusively to the endoplasmic 
reticulum with no colocalization with mitochondrial markers;16,17,19 earlier biochemical studies
demonstrated that the CerS are found on the cytoplasmic leaflet of the ER.24,25 Nevertheless, there
is some evidence, based on biochemical isolation of sub-cellular fractions followed by Western
blotting, that CerS can be detected in mitochondria and/or mitochondrial-associated ER mem-
branes26,27 (Table 1). Determination of the precise intracellular localization of the CerS awaits the
generation of high quality specific antibodies.

Inhibitors
A number of specific inhibitors of CerS have been described, the most notable of which 

is Fumonisin, a mycotoxin derived from Fusarium. Another fungal-derived inhibitor is
Australifungin. A third compound, the immunomodulator, FTY720, was recently shown to 
inhibit CerS activity.

Fumonisins
Fumonisin (FB) was first shown to inhibit Cer synthesis in 1991,28 before the molecular identi-

fication of the CerS. Fumonisins are isolated from Fusarium moulds (which occur mainly in maize) 
and they bear considerable structural similarity to the LCB backbone of SLs. Two derivatives, FB1 
and FB2, are potent inhibitors of CerS; FB1 inhibits CerS activity in rat liver microsomes and in
isolated hepatocytes with an IC50 value of ~0.1 	M.28 Further early studies demonstrated that in-
hibition occurs via competitive-like inhibition towards both sphinganine and C18-CoA29 and that
FB1 and FB2 block the proliferation of LLC-PK1 cells at concentrations between 10 and 35 	M;
concentrations over 35 	M were cytotoxic.30 FB1 is a specific inhibitor of the CerS, as no inhibitory 
effects were observed on the activities of other enzymes in the SL biosynthetic pathway.31 In addition,
FB1 was shown to block Cer synthesis in cultured hippocampal neurons, which led to significant 
changes in the rates of neuronal growth.32,33

Since these early studies, FB1 has been extensively used as an inhibitor of the de novo SL 
biosynthetic pathway in cell cultures as well as in animals and is routinely used to distinguish 
the effects of Cer generated via the action of sphingomyelinases compared to Cer generated de
novo. However, since FB1 inhibits not only Cer synthesis, but also the synthesis of all subsequent 
down-stream SLs (i.e., SM and glycosphingolipids), care must be taken in the interpretation of 
results obtained after relatively long times of inhibition with FB1 (i.e., more than one hour). 
Moreover, upon over-expression of CerS activity in some cultured cells, FB1 elevates Cer levels.8,17

The reason for this is unclear and to date there is no evidence that Cer is elevated by treatment
with FB1 in cells that do not overexpress CerS.
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Australifungin
Australifungin is a broad-range antifungal agent that acts against human pathogenic fungi at 

ranges from 0.015 to 1.0	g/ml. Australifungin specifically inhibits SL synthesis by blocking CerS
activity.34 In crude membranes derived from yeast, the inhibitory concentration of Australifungin 
was 10 	M.35 However, Australifungin is much less widely used as a CerS inhibitor than FB1.

FTY720
FTY720, a sphingosine analog, is in clinical trials as an immunomodulator. The biological 

effects of FTY720 are believed to occur mainly after its metabolism to FTY720 phosphate 
(FTY720-P). However, until recently, it was not known if FTY720 itself could interact with
and modulate the activity of other enzymes of SL metabolism. Recently, we demonstrated that
FTY720 inhibits CerS activity in vitro by noncompetitive inhibition towards acyl CoAs and
uncompetitive inhibition towards sphinganine; the EC50 of inhibition varied from ~12-66	M 
depending on the CerS and on the acyl chain length.36 In cultured cells, FTY720 had a more 
complex effect, with Cer synthesis inhibited at high (500 nM to 5 	M) but not low (�200 
nM) sphinganine concentrations, consistent with FTY720 acting as an uncompetitive inhibi-
tor towards sphinganine. Finally and unexpectedly, elevated levels of Cer, SM and HexCers 
were observed after short times of incubation with FTY720. These data suggest that some of 
the effects of FTY720 observed in vivo might need to be re-evaluated in light of its ability to 
modulate CerS activity.36

Posttranslational Modifications
Indirect evidence from over a decade ago, based on rapid changes in CerS activity after vari-

ous stimuli, suggested that CerS are likely to be modified posttranslationally.37,38 Accumulating 
evidence supports a role for phosphorylation in the posttranslational modification of CerS.
Activation of protein kinase C (PKC) increases de novo Cer synthesis,39 which was attributed
to up-regulation of CerS5 activity.40 Deletion of the �’-catalytic subunit of casein kinase II in
yeast reduced levels of Cer produced in vitro35 and yeast lacking TOR (Target of Rapamycin) 
could not synthesize Cer. Ypk2, a kinase activated by TOR2, induces CerS activity and this step
is antagonized by the Ca2�/calmodulin-dependent phosphatase, calcineurin.41 Calcineurin has 
also been shown to negatively regulate the formation of complex SLs42,43 and the overexpression
of calcineurin B subunit enhanced the oncogenic potential of HEK 293T cells.44 Thus, indirect 
evidence suggests that CerS are modulated by phosphorylation, a notion supported by data from 
high performance mass spectrometry suggesting that mouse liver CerS2 and CerS5 are phos-
phorylated.45 Moreover, CerS1 turnover after various drug treatments46 appears to be regulated
by the opposing actions of p38 MAP kinase and protein kinase C (PKC); p38 MAP kinase is a 
positive regulator of turnover, while PKC is a negative regulator of turnover. Pulse-chase labeling 
experiments demonstrated that CerS1 is phosphorylated in vivo and activation of PKC increases
the phosphorylation of the protein.47 The possible role of phosphorylation in regulating CerS
activity is illustrated in Figure 2.

Membrane Topology
Early proteolytic digestion experiments implied that the active site of CerS faces the cytosol.25

More recently, Igarashi and colleagues suggested that CerS2, 5 and 6 have five transmembrane do-
mains; moreover, the N-terminus of these CerS is inside the lumen of the endoplasmic reticulum
and the C-terminus, at least of CerS6, is in the cytosol.12 However, another study suggested that the 
yeast CerS, Lag1p and Lac1p, have eight putative trans-membrane domains, with both the N- and 
C-termini facing the cytosol;48 the conserved Lag motif, which contains the potential active site, was
suggested to be embedded in the membrane.48 We have tried to resolve this issue using the PHD 
predicted protein server,49 which suggests that mammalian CerS have six putative trans-membrane 
domains with both N- and C-termini facing the cytosol (Fig. 3). Verification of the trans-membrane
topology of the CerS awaits more detailed structural analyses and ultimately, resolution of their
crystal structures.
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Figure 2. A putative role for CerS in regulating cell death. There have been suggestions that 
CerS can be phosphorylated (see text). Phosphorylation could occur via PKC (protein kinase 
C), CK II (casein kinase 2) or Ypk2 (or its mammalian orthologs, SGK and/or Akt/PKB) resulting
in activated CerS and generation of pro-apoptotic Cer. Calcineurin could act in the opposite 
manner, by dephosphorylating CerS. The phosphates shown on the CerS are for illustration
purposes only since there are currently no reports on CerS phosphorylation sites.

Figure 3. Predicted membrane topology of CerS. The prediction was performed using the PHD 
predict protein server (http://cubic.bioc.columbia.edu), which suggested six membrane spanning 
domains with both the N- and C-termini on the cytosolic leaflet (of the endoplasmic reticulum).
The Hox-like domain (found in CerS2-6), shown as a dashed line, is located in the 1st lumenal loop.
The TLC domain, shown in dark gray, begins at the end of the 1st lumenal loop and continues to
the end of the 6th transmembrane domain. The Lag1p motif (which is part of the TLC domain) is
shown in light gray and begins in the middle of the 2nd lumenal loop and continues through to
the 2nd cytosolic loop. The two conserved histidine residues, which are proposed to be active
site residues, are also shown; the enlargement shows the sequence of human CerS5.
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Why Are There So Many Mammalian CerS?
The key question related to the physiology of CerS is why there are six distinct enzymes that es-

sentially carry out the same reaction, namely N-acylation of the LCB, albeit with strict acyl CoA chainNN
length specificity. A relatively straightforward answer is that ceramides containing specific fatty acids
play more vital roles in cell physiology than once thought,10 though what these roles are have not been
fully delineated. It is known that ceramides with different acyl chain lengths have distinct biophysical
properties50,51 and the ceramides could themselves influence the biophysical properties of the membranes 
in which they are found, by for instance, differentially interacting with other membrane components.
Evidence is also accumulating that ceramides with specific acyl chain lengths are generated in different 
signaling pathways and that these ceramides can differentially interact with downstream components
in such pathways.10,52 Furthermore, the multiple levels of regulation of CerS expression17,19,23 and activ-vv
ity37-45yy support a vital role for the acyl chain length of ceramide in key events of cell physiology.

Although an integrated picture of how the CerS function together is currently lacking, considerable
progress has been made in understanding the roles of individual CerS. CerS1, the first mammalian CerS
to be described,16 specifically synthesizes C18-Cer and is mainly expressed in the brain and in skeletal
muscle and is almost undetectable in other tissues12,19 (Table 1). CerS1 appears to be involved in cancer
regulation and in modulating drug sensitivity. Overexpression of CerS1 inhibited the growth of human
head and neck squamous cell carcinoma cells (HNSCC) and also increased the chemotherapy-induced
apoptosis of these cells.53,54 Moreover, there was a correlation between attenuated C18-Cer levels and4

the state of clinical disease, suggesting that C18-Cer is an important player in the regulation of HNSCC 
growth and/or pathogenesis.55 CerS1 also has a unique role in regulating sensitivity to chemotherapeutic 
drugs;46,56 CerS1 expression led to an increased sensitivity to cisplatin, which is widely used to treat a 
variety of solid tumors. In response to cisplatin, CerS1 expression increased the activation of the p38
mitogen-activated protein (MAP) kinase and concomitantly CerS1 was translocated from the ER to 
the Golgi apparatus.46 This data suggests a potential role for CerS1 as a target for improving the efficacy 
of cisplatin therapy. In summary, CerS1 is regulated by mechanisms that involve PKC, ubiquitination 
and ER-to-Golgi translocation leading to its eventual proteasomal degradation.47

CerS2, which synthesizes C20-C26-Cer (Table 1) is the most ubiquitously expressed of all the
CerS and has the broadest tissue distribution.17,19 In a study on the expression of CerS in the brain,
CerS2 was found to have the highest expression of all CerS in oligodendrocytes and Schwann cells
and its up-regulation during myelination suggests it is responsible for the synthesis of the majority of 
SLs in myelin.57 CerS2 is also regulated by a unique mechanism, namely via sphingosine 1-phosphate 
(S1P). S1P, but not lyso-phosphatidic acid36 interacts with and inhibits CerS2 via two residues that are 
part of an S1P receptor-like motif, which is found only in CerS2.19 The opposing functions that Cer 
and S1P play in signaling pathways suggests that this mode of regulation might be of significance in
cell physiology and signaling. CerS2 also displays genomic features characteristic of a ‘housekeeping’
gene, although no other CerS genes display these characteristics.19

CerS3 is expressed at high levels in the skin,17 which contains very long acyl chain ceramides that
are involved in maintaining the water permeability barrier function58 and in the testes, but is almost
undetectable in other tissues.12,19 CerS3 has been postulated to be involved in sperm formation and
androgen production;18 indeed, levels of germinal SLs containing very long acyl chains (synthesized
by CerS3) increase during postnatal testicular maturation and are important for completion of 
spermatogenesis.59

CerS4, which uses C18- and C20-CoAs17 is expressed mainly in skin, leukocytes, heart and liver.19

CerS5, which synthesizes C16-Cer, is expressed in most tissues.12,19 C16-Cer is the most abundant
short-chain Cer in fibroblasts, endothelial cells and cells of the immune system12,60 and has been 
shown to be of particular importance in apoptosis.52,61,62 CerS6 is also expressed in most tissues12,19

and produces short acyl chain ceramides (Table 1). However, little is known about the roles of CerS4, 
5 and 6 in specific events in cell physiology.

One interesting difference between CerS1 and CerS4 and 5 emerged from a study looking 
at the role of each of these CerS in mediating drug sensitivity. CerS1 expression rendered cells
more sensitive to cisplatin, carboplatin, doxorubicin and vincristine, but in contrast, expression of 
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CerS4 did not have any effect on the cellular sensitivity to any of the agents tested, while CerS5
expression increased the sensitivity only to doxorubicin and vincristine, but not to cisplatin and 
carboplatin.46 These results strongly support the idea that the CerS genes are not equivalent in 
function. Similarly in yeast, the response to stress can vary from one isoform to another. Lac1p, but 
not Lag1p, is regulated by the pleiotropic drug resistance (Pdr) regulatory pathway, with Lac1p
expression ~3 times higher than that of Lag1p.63

As summarized in this section, evidence is currently emerging that different CerS play different
roles in mediating specific biochemical events and thus specific roles in cell physiology and it is
to be hoped that their precise functions will have been clarified by the time of publication of the
next edition of this book.

Roles of CerS in Signal Transduction and Disease
While study of the roles of individual CerS and their modes of regulation is currently in its in-

fancy, much more is known about the roles of Cer and in particular about the roles of Cer containing 
specific acyl chain lengths. Much of this data has emerged from study of the generation of Cer from
SM hydrolysis (via both neutral- and acid-sphingomyelinase), a research area that is somewhat more
advanced than study of the generation of ceramides via the biosynthetic pathway.64-66 The cross-talk 
between the generation of these two pathways is not very well understood; likewise, the coordinate 
regulation between CerS and other enzymes in the biosynthetic pathway (i.e., serine palmitoyl 
transferase, glucosylceramide synthase etc), needs to be further studied.

However, a number of studies have shown that Cer generated via CerS can influence cell fate, with 
up-regulation of CerS activity causing apoptosis and down-regulation inducing tumor formation. For
instance, arsenic trioxide induces the production of cytotoxic levels of Cer by up-regulating de novo 
synthesis,67 Cer production is stimulated in hypoxia/reoxygenation in NT-2 neuronal precursor cells
by the concerted actions of acid sphingomyelinase and CerS5,68 Cer levels are increased via the de novo 
pathway following p53 up-regulation in leukemia and colon cancer cells and CerS5 transcriptional
up-regulation increases C16-Cer levels, ultimately causing cell death.69 A variety of stress stimuli are 
known to increase Cer levels and some of these act via CerS.70 A list of agents that induce stress is 
given in Table 2, which also summarizes the putative role of CerS in these processes.

Table 2. Some stress stimuli reported to cause ceramide elevation and apoptosis. For 
a number of these stimuli, ceramide synthesis via activation of CerS has been 
implicated, as indicated.

Stressor CerS Activation Reference

UVBa radiation Yes 87

Heat Yes 88-90

Etoposide No 91

Hypoxia/reoxygenation Yes 68, 92

Ischemia/reperfusion Yes 27, 93

TNF�b Yes 94

INF�c No available data

IL-LL 1�d No 95

Gemcitabine/doxorubicin Yes 54

Daunorubicin Yes 96

4-HPRe Yes 15
aUltraviolet B; bTumor necrosis factor �; cInterferon �; dInterleukin-1 �; e4-(N-hydroxyphenyl)
retinamide.
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De novo Cer synthesis has also been implicated in a number of diseases,71 such as diabetes,72

cystic fibrosis (CF)73,74 and chronic obstructive pulmonary disease (COPD). In the case of the 
latter disease, which is characterized by alveolar cell apoptosis, Cer up-regulation via the de novo
pathway was shown to be directly involved, since inhibition of de novo synthesis by FB1 and 
myriocin prevented disease onset.75,76 Cer is also involved in several liver conditions77 such as 
hepatic ischemia/reperfusion,78 steatohepatitis79 and Wilson disease.80 Cer may also play a role in
Alzheimer’s disease,77 with long acyl chain Cer enriched in regions of the brain which are vulnerable 
to Alzheimer’s disease81 with concurrent elevation of CerS2 and CerS4 gene expression.82 Cer is
involved in neuronal death83 and white matter dysfunction84,85 and increased Cer levels were sug-
gested to be involved in cerebral ischemia and stroke.77,86 The relationship between Cer generated
via de novo synthesis and that generated via sphingomyelinase action is an area of active study in 
each of these diseases and thus the role of regulation of CerS activity remains to be established.

Conclusion
In this chapter, we have summarized the remarkable progress made in study of the CerS genes 

and proteins since their identification in the early 2000s. Much still remains to be understood,
not least whether these genes are coordinately regulated, whether the CerS proteins somehow 
interact with each other (or with other proteins) and thus modulate their activity and finally, the
precise roles of the different Cer species made by each CerS in the various tissues where they are 
made. The discovery of the CerS has added a new dimension to SL research and the coming years 
are sure to yield many more unexpected findings.
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Abstract

In the last five years tremendous progress has been made toward the understanding of the
mechanisms that govern sphingomyelin (SM) synthesis in animal cells. In line with the com-
plexity of most biological processes, also in the case of SM biosynthesis, the more we learn

the more enigmatic and finely tuned the system appears. Therefore with this review we aim first, 
at highlighting the most significant discoveries that advanced our knowledge and understand-
ing of SM biosynthesis, starting from the discovery of SM to the identification of the enzymes
responsible for its production; and second, at discussing old and new riddles that such discoveries
pose to current investigators.

Sphingomyelin Biosynthesis: An Historical Perspective
Initial Milestones

Sphingomyelin (SM) was first isolated by the German biochemist Thudichum in 1884 and its
name derived from both the enigmatic and novel nature of its chemical structure (in the Greek 
mythology the sphinx is a monster that posed a riddle) and the tissue where it was isolated from
(myelin).1 In spite of the initial suggestion that SM might have a specific role in neural function, 
later studies showed that SM is present in all mammalian tissues as well as lipoproteins. SM is
indeed one of the most abundant phospholipids and, in cells, it forms a concentration gradient
along the secretory pathway with the highest concentration in the plasma membrane (where it 
accumulates in the exoplasmic leaflet).

SM is composed of a ceramide module and a phosphocholine (P-choline) moiety bound to the 
primary hydroxyl group (Fig. 1). It was first proposed by Sribney and Kennedy2 that CDP-choline was
the donor of the P-choline headgroup of SM, similarly to the reaction that leads to the biosynthesis
of phasphatidylcholine(PC), known as the “Kennedy pathway”.3 In their experimental conditions,
it was found that ceramide with the nonnatural threo configuration was a better substrate as com-
pared to the naturally occurring erythro. In 1965, an alternative reaction for SM biosynthesis was
proposed by Roscoe Brady and colleagues.4 In this case, evidence was provided to show that, in rat 
brain preparations, the synthesis of SM could also occur from acylation of lyso-SM by stearoyl-CoA 
and later found that both erythro or threo-lyso-SM were equally active as lipid acceptors in the 
reaction.5 Shortly after, Fujino et al6 demonstrated that, by twitching the protocol for the prepara-
tion of the incubation mixture, also erythro- as well as threo-ceramide was recognized as acceptor
of the P-choline group from CDP-choline to form SM according to the Kennedy reaction, even if 
these results were later questioned.7 In 1972 a novel reaction for the synthesis of SM was proposed 
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by Diringer et al which identified PC as the donor of the P-choline, by using pulse-chase labeling 
techniques with 32P-labeled phosphorus and 3H-choline and looking at the kinetics by which the 
radioactivity associated with PC or SM was changing in growing SV40 transformed mouse fibro-
blasts.8 Finally, in 1974 Ullman and Radin conclusively demonstrated in vitro that PC is indeed the 
donor of the P-choline for synthesis of SM in mouse liver preparations.9 They found that natural
erythro-ceramide was the preferred substrate, that the reaction did not need addition of cations 
and that it was characterized by an optimal neutral pH. In addition to liver, the reaction occurred in 
preparations from kidney, lung, spleen and heart but it was strikingly absent in brain, suggesting the 
existence of an alternative route for SM synthesis in this organ. Ever since, the scientific community 
settled on PC as the donor of the P-choline moiety of SM, with few exceptions,10 such that SMS is
also referred to as the phosphatidylcholine:ceramide cholinephosphotransferase (Fig. 2).

Localization of SM Synthase Activity in Cells
In the early studies addressing the biochemical characterization of the P-choline donor for SMS 

activity, the source of the enzyme was predominantly microsomal preparations, thus no major 
information on the subcellular localization of SMS activity was provided, except for the fact that
it was tightly membrane-bound. Later on it was suggested that, in mouse SV40-transformed fibro-
blasts, rat liver, or 3T3-L1 fibroblasts most of the activity resided in the plasma membrane.11-13 SMS 
activity at the Golgi was later detected also in the same mouse SV40-transformed fibroblasts and in
Chinese hamster lung fibroblasts and epithelial Madin-Darby canine kidney cells.14-17 In order to
clarify the issue of subcellular localization of SM synthesis, a thorough study was performed in 1990 
by Futerman and coworkers using the well-characterized protocol for subcellular fractionation of 
rat liver and by paying particular attention to inhibit the activity of the SM-metabolizing enzyme

Figure 1. Schematic of the biochemical structures of SM, CPE and CPI. In black is represented 
the basic ceramide module common to the three molecules and in color is represented each 
specific head-group. The ceramide module of CPI is more often characterized by long and
very long chain fatty acid and the presence of an hydroxy group in position 4 of the sphingoid
backbone. A color version of this image is available at www.landesbioscience.com/curie.
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neutral sphingomyelinase by addition of metal chelators.18 In this study it was shown that most
of the SMS activity resided in the cis-medial enriched Golgi (75%) (with a luminal orientation of 
the catalytic site) and minor activity was detected in the trans enriched Golgi (15%) and plasma 
membrane (~10%) fractions. Similarly, Jeckel and coworkers confirmed enrichment of the SMS in
enriched cis Golgi apparatus from rat liver.19,20 Confirmation of the Golgi as the main site of SM
biosynthesis came also from studies using inhibitors of vescicular trafficking (low temperatures
or pharmacological agents). In this case, no appearance of newly synthesized SM on the plasma 
membrane could be detected, suggesting that the main site for SM synthesis resided in the cell
and that vescicular trafficking was required for SM delivery to the plasma membrane.16,17 To com-
plicate matters, the idea that, in BHK cells, SM destined to the plasma membrane is synthesized 
in recycling endosomes was also put forward21-23 but later unequivocally disproved.24 Also, SMS 
activity seemed absent from an intermediate ER-Golgi compartment (ERGIC) and, also in the 
Vero cells employed in this study, it was mostly enriched in the Golgi fraction.25 In 1998, the use
of preparative free-solution isotachophoresis (FS-ITP) allowed separation of enzymatically active
Golgi subfractions from rat liver isolated Golgi apparatus.26 SMS activity was concentrated in the
cis/medial fractions where the specific activity was the highest and where the ceramide was mostly 
concentrated. On the other hand, newly synthesized SM seemed to be transferred to the trans Golgi 
fractions where SM mass was most abundant. Shortly after, the question whether significant SMS 
activity could be present in the trans Golgi network (TGN) was raised by Allan and coworkers27

using BHK cells infected with Semiliki Forest virus. It was postulated that this viral infection
promoted incorporation of viral proteins into the TGN causing a significant increase in the density 
of these membranes. It was shown that, after infection, the shifted peak, which most likely con-
tained trans Golgi network membranes, carried most of the SMS activity and it was enriched in 
SM whereas the profile of glucosylceramide synthase activity remained unchanged. The confusion
about the sub-cellular localization of SMS within the Golgi apparatus found partial resolution
when a study by Sadeghlar et al28 showed that different cells might present a different distribution
of SMS activity along this compartment. In fact, in primary neurons and neuroblastoma cells SM 
synthesis seemed to be primarily localized in late compartments of the Golgi apparatus, probably 
the TGN whereas in fibroblasts most of the activity resided in the early/mid Golgi. Finally, in rat

Figure 2. Schematic of the biochemical reaction catalyzed by SM synthase.
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Sertoli cells most of SMS activity was found associated with the trans-Golgi cisternae and only a 
minor fraction was present in the early Golgi and plasma membrane.

Discovery of a Ceramide Transfer Protein with a Key Role in SM Biosynthesis
Additional clues on the localization and mechanism of SM synthesis came more recently with 

the identification of a ceramide transfer protein (CERT). In an attempt to identify the enzyme(s) 
responsible for SM biosynthesis, Hanada and coworkers set up a screen for CHO mutant cells
searching for clones resistant to lysenin, a SM-directed cytolysin.29 One of the mutant clones,
LY-A showed a defect in SM biosynthesis without any appreciable impairment in the SMS 
enzymatic activity per se or in the synthesis of the precursors of the reaction, namely ceramide
and PC.30 By exploiting the hypersensitivity of LY-A cells to agents that extract cholesterol such
as methyl-�-cyclodextrin (MCD), the authors searched for cDNAs that were able to revert the 
MCD-sensitivity and restore SM biosynthesis. This approach yielded a cDNA coding for CERT.
Two splice variants of CERT exist, a long less represented variant, identical to the Goodpasture
antigen-binding protein (GPBP) and a shorter more represented variant, missing 26 amino acids
and identical to GPBP�26.31 Both were found to mediate intermembrane transfer of ceramide.30

CERT is characterized by three different domains: (i) a FFAT motif which favors CERT ap-
proximation to the ER, the site of ceramide synthesis, through the binding to the ER resident
membrane protein vamp associated protein (VAP)32; (ii) a pleckstrin homology (PH) domain 
that binds to phosphatidylinositol-4-monophosphate (PI4P) and targets CERT to the Golgi/trans 
Golgi network30; (iii) a START domain that facilitates the extraction of ceramide from a donor 
membrane and its subsequent transfer to an acceptor membrane.33

The nonvescicular transfer of ceramide from the ER to the Golgi requires ATP.34,35 The 
ATP-dependent step for ceramide trafficking might be attributable to the synthesis of PI4P in 
the Golgi. Alternatively, ATP may allow the recycling of CERT after its binding to PI4P or
VAP or it could energize an ATP-dependent translocase that moves ceramide from the cytosolic
side of the Golgi to the luminal side where the catalytic domain of SMS is located.36 The spatial
organization of the CERT-mediated transfer of ceramide between the ER and Golgi is not clear. 
The over-expression of a green fluorescent protein (GFP) tagged-CERT in CHO cells showed its
localization at the cis/medial Golgi apparatus pointing to the early Golgi as the site for ceramide
transfer.30 Interestingly though, ER-trans Golgi contact sites exist37,38 and therefore it is plausible
that the transfer of ceramide from the ER to the Golgi could also occur at these sites of contact.
This would also imply that a pool of SMS should reside at the trans Golgi.

Even though CERT regulates a main route for the transport of ceramide from the ER to the
Golgi, it has been recently demonstrated that, in glioma cells, an additional vescicular mechanism
of ceramide transport, sensitive to nitric oxide, is active alongside the CERT-mediated transport.39

Whether the ceramide transported through this route can reach alternative pools of SMS in the 
Golgi apparatus (i.e., early Golgi) is a fascinating still open question.

Alternative Pathways of SM Biosynthesis and Analogous Reactions
The observation that brain, in spite of containing large amounts of SM, lacked any obvious

SMS activity led to speculations on the existence of an alternative pathway of SM biosynthesis.9

A transferase reaction similar to the one catalyzed by SMS was described in which phosphatidyle-
thanolamine (PE) rather than PC is used as head group donor, yielding the SM analogue ceramide
phosphoethanolamine (CPE)40 (Fig. 2). Subsequent stepwise methylation reactions would then add 
three additional methyl groups to the phosphoethanolamine head group, producing SM. Indeed 
Malgat et al provided evidence for the existence of such a pathway in brain and liver microsomes
and plasma membranes.41 Interestingly, it was shown that in addition to CPE, both tissues were
also able to synthesize SM when endogenous PC (and not dipalmitoylcholine) was utilized as
substrate and the active site of CPE synthase was oriented versus the luminal side of the membrane
bilayer.42 CPE synthase activity was also observed in ram spermatozoa, mice synaptic vesicles and
sciatic nerve.43,44 Although the existence of CPE synthase has been proven, its contribution to SM
formation or the function of CPE itself are still unresolved questions.
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Another complex sphingolipid analogue of SM is the ceramide phosphoinositol (CPI). CPI 
is found in yeast and plants where no SM is present and the reaction leading to its synthesis is
virtually identical to the one catalyzed by SMS, except that the head group donor molecule is 
phosphatydylinositol (PI) instead of PC.45,46 Importantly, neither can mammalian SMS catalyze 
the CPI synthase reaction nor can CPI synthase produce SM. On the other hand, some parasitic 
protozoa have the ability to synthesize CPI, SM and CPE, depending on the phase of the life 
cycle.47 Indeed, it has been recently demonstrated that during the procyclic phase of Trypanosoma 
brucei both CPI and SM can be detected whereas during the bloodstream stage, SM and CPE
are produced instead by the TbSLS1-4 gene product. This raises the question of whether, even in4
mammalian cells, a single transferase can catalyze the production of both SM and CPE.

Physicochemical Properties of SM
SM comprises a heterogeneous group of molecules because of the different fatty acyl chains

linked with amide bond to the sphingoid backbone and for the nature of the sphingoid backbone
itself.48 The large majority of SM carries saturated fatty acids (ranging from C14 to C26 in length) 
and sphingosine as the sphingoid backbone. Alternatively, dihydrosphingosine (sphinganine) 
or 4-hydroxysphinganine (phytosphingosine) could account for the sphingoid backbone and
unsaturated and/or branched fatty acids could also be found.49,50

Even though structurally similar, SM and phosphatidylcholine (PC) differ significantly for a 
number of features that determine the higher melting temperature of the first. In fact, the predomi-
nant presence of saturated fatty acids and the potential intermolecular hydrogen binding, via the 
amide bond and the free hydroxyl group at position 3, favor a high-density packing of SM, which
increases the compactness and impermeability of the membrane.51-53 According to the umbrella 
model,54 the preferential mixing of sterols with SM is caused by shielding of the nonpolar sterol 
molecule by the phosphocholine head group of SM. Collectively these physicochemical features
are believed to influence the lateral organization of cellular membranes. The lipid raft hypothesis 
postulates the existence of SM/sterol-enriched microdomains in the plasma membrane that serve 
as dynamic platforms for the clustering of membrane proteins with a role in signal transduction,
membrane trafficking and cell adhesion.55

The Multigenic Sphingomyelin Synthase (SMS) Family
SMS Cloning Strategies

Initial studies indicated that mammalian SM synthases are membrane-bound enzymes that
readily lose activity following solubilization with detergent.12 This feature complicated their 
identification by classical biochemical approaches. Purification of a soluble SM synthase released
by Pseudomonas aeruginosa56 provided no clues on the identity of the mammalian enzyme. Efforts
to isolate SM synthase mutants by screening CHO cells for resistance to a SM-directed cytolysin 
led to the identification of CERT (see above).29,30

A complementary approach was based on structural information available for the enzyme 
catalyzing synthesis of CPI in yeast. CPI production requires the product of the AUR1 gene,45 a 
protein containing the C2 and C3 active site motifs characteristic for members of the lipid phos-
phate phosphatase (LPP) superfamily.57 A database search for novel sequences encoding integral
membrane proteins containing the C2 and C3 domains common to Aur1p and LPPs identified
three families of candidate SM synthase (y CSS) genes with homologues in multiple animal species58

(Fig. 3). Several members of each family were cloned and analyzed for their ability to mediate SM
synthesis upon heterologous expression in yeast. One family, the CSS3 family, was found to contain 
multiple members with SM synthase activity. A detailed analysis of two human members, SMS1
and SMS2, revealed that they met all criteria previously assigned to mammalian SM synthase. First,
their expression proved sufficient to support SM synthesis in yeast, an organism lacking endogenous
SM synthase activity. Second, both proteins function as bidirectional lipid cholinephosphotrans-
ferases capable of converting PC and ceramide into SM and diacylglycerol (DAG) and vice versa. 
Third, the proteins reside in cellular organelles where SM synthesis is known to occur, namely in
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the trans-Golgi (SMS1 and SMS2) and plasma membrane (SMS2). Finally, SMS1 and SMS2 share
sequence motifs containing putative active site residues with Aur1p and LPPs that are facing the 
exoplasmic leaflet, the side of the membrane where SM synthesis is known to occur.

Taking advantage of a mouse lymphoid cell line with strongly reduced SM synthase activity and
SM levels, a subsequent study reported the expression cloning of SMS1 as a gene able to restore 
SM levels in these cells.59 Due to a decreased SM content of the plasma membrane, these lymphoid
cells are highly susceptible to the toxic effects of methyl-�-cyclodextrin (M�CD), a compound 
used to deplete cholesterol from cellular membranes. SMS1 was recovered from a human cDNA
expression library on the basis of its ability to restore M�CD resistance. Importantly, this work 
showed that SMS1 corresponds to a major SM synthase activity in mammalian cells with a critical 
role in sustaining cell growth (see also below).

Interestingly, at the time of the identification of SMS1 as a major SMS, SMS1 was already an-
notated as Hmob33 (human medulla oblongata 33) or MOB, a gene with a predominant brain 
expression mapping on chromosome 10.60 Structural and functional analysis of its transcripts 
predicted regulation at both transcriptional and translational level.60,61 Subsequently, several 
alternative spliced products of SMS1 were found both in human cerebellum and in the mouse62

suggesting complex regulation for SMS1 expression.

Structural Organization and Reaction Chemistry of SMS Family Members
Members of the SMS family share a common membrane topology with LPPs.57,58 Both groups

of enzymes contain a six times membrane-spanning core domain with the termini facing the cytosol 
and the putative C2 and C3 active site residues facing the exoplasmic leaflet (Fig. 4). The active site
includes a catalytic triad of histidine and aspartate residues previously implicated in LPP-mediated 
hydrolysis of lipid phosphate esters.63 Thus, it is likely that SMS family members utilize a reaction
chemistry similar to that described for LPPs to catalyze the choline phosphotransferase reac-
tion. This is predicted to occur via a two-step process, involving: (i) a nucleophilic attack on the 
lipid-phosphate ester bond in PC by the histidine in C3 assisted by the conserved aspartate in
this motif, resulting in formation of a choline phosphohistidine intermediate and the release of 

Figure 3. Selection and phylogenetic analysis of candidate SM synthases. A) Animal entries 
in SwissProt/TrEMBL were searched for the presence of a sequence motif shared by LPPs and
Aur1p proteins and then further selected on the basis of three additional criteria, as indicated. 
B) Phylogenetic tree of human candidate SM synthases (CSS) and previously characterized 
members of the human LPP superfamily. Figure reproduced from Huitema et al, 2004.
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DAG; (ii) a nucleophilic attack on the choline phosphohistidine intermediate by the oxygen of the
ceramide hydroxyl group assisted by the histidine in C2, resulting in transfer to the sphingoid base 
and the release of SM. Consistent with this model, mutation of one of the histidine or aspartate
residues that make up the catalytic triad is sufficient to abolish sphingomyelin synthase activity of 
SMS1 and SMS2 without affecting their subcellular distribution.64

A remarkable difference between the two SMS isoforms is that SMS1, but not SMS2, contains 
a N-terminal Sterile Alpha Motif or SAM domain.58,60 SAM domains have been shown to homo- 
and hetero-oligomerize, forming multiple self-association architectures. They can also associate 
with various non-SAM domain-containing proteins and appear to possess the ability to bind 
RNA.65 The function of the SAM domain in SMS1 is still unknown. Fusion of this domain to the 
N-terminus of SMS2 does not affect the subcellular distribution of SMS2, nor does its removal
from SMS1 lead to redistribution of that enzyme.64 Hence, it appears that the SAM domain is 
not involved in targeting SMS1 to the Golgi apparatus.

SMS Family Members Display Striking Variations in Substrate Specificity
The SMS family displays a multiplicity of SMS genes in essentially all organisms generating SM.58,66

In addition to SMS1 and SMS2 genes, the mammalian genome contains a third, SMS-related (SMSr)
gene that is highly conserved, from humans and worms to the fruit fly, Drosophila melanogaster.
Interestingly, Drosophila lacks SMS1 and SMS2 homologues and does not synthesize SM. Instead,
this organism produces the SM analogue CPE as a major membrane constituent.67,68 Mammals also 
produce small amounts of CPE. Two CPE synthase activities have been described in mammalian cells, 
one associated with the ER and the other one associated with the plasma membrane.41,42 As PE serves 
as the headgroup donor for both activities, the enzymes involved can be classified as PE:ceramide
ethanolaminephosphotransferases. Consequently, SM and CPE biosynthesis in mammals share com-
mon reaction chemistry. As SMS1, SMS2 and SMSr are structurally related and share the C2 and
C3 active site residues, SMSr provides an attractive candidate for the elusive CPE synthase.58 Indeed, 
we recently demonstrated that Drosophila and human SMSr proteins catalyze EPC biosynthesis 
and, contrary to SMS1 and SMS2, localize to the ER.69 SMSr thus qualifies as the ER-resident CPE
synthase originally described by Malgat et al.41,42

Remarkably, we have recently found that SMSr produces only trace amounts of CPE and that bulk 
production of CPE in Drosophila S2 cells requires a different enzyme. This second, insect-specific 
CPE synthase uses CDP-ethanolamine instead of PE as headgroup donor,69 analogous to the etha-
nolaminephosphotransferases of the Kennedy pathway.70 This implies that, contrary to SM synthesis
in mammals, bulk production of CPE in insects occurs in the cytosolic leaflet of the membrane. As 
insects require CERT for efficient CPE production,68 the CDP-ethanolamine-dependent CPE
synthase likely resides in the Golgi apparatus. Its identity remains to be established.

Figure 4. Predicted membrane topology of SMS family members. Putative active site residues in
LPP sequence motifs C2 and C3 are highlighted in red and the sterile alpha motif or SAM domain
in blue. A color version of this image is available at www.landesbioscience.com/curie.
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Since the plasma membrane-associated CPE synthase activity in mammalian cells shares the 
same subcellular distribution as SMS2, we recently reinvestigated the substrate specificities of all 
three mammalian SMS family members. This revealed that, while SMS1 and SMSr are mono-
functional SM and CPE synthases, respectively, SMS2 is a bifunctional enzyme producing both
SM and CPE.71 Thus, SMS2 likely accounts for the plasma membrane-resident CPE synthase
described previously.41,42 These recent findings demonstrate an unexpected diversity in substrate 
specificity among mammalian SMS family members. Interestingly, characterization of a trypano-
some sphingolipid synthase family that is orthologous to the Leishmania CPI synthase revealed 
an enzyme with dual SM and EPC synthase activity.47

Differential Expression of SMS1 and SMS2
Whereas SMS1 and SMS2 are expressed to a similar level in most human and murine tissues,58,62

they seem to be differentially expressed in various cell lines. Interestingly, expression of both SMS1 
and SMS2 has been observed in all adherent cell lines analyzed so far (breast cancer MCF-7 cells, 
cervical cancer HeLa cells, hepatocellular carcinoma HepG2 cells, colon cancer CaCo2 cells, human 
lung fibroblasts, human epithelial HEK-293 cells, mouse melanoma MEB4, mouse fibroblasts) 
whereas expression of SMS2 seems to be very low or absent in the majority of suspension cell lines 
(S49, WR19L/Fas, Ramos and U937 lymphoma cells, HL-60, Molt-4 and K562 leukemia cells 
and primary human B, T and monocytic cells)58,62,72-74 and Luberto, unpublished observations). 
Since SMS2 is in part localized at the plasma membrane, with its catalytic site oriented toward the
outside of the cell and it is expressed mainly in adherent cells, it may serve a specialized function 
in cell-cell or cell to matrix interactions.

Cellular Functions of SMS Family Members
SMS1 and SMS2 as Regulators of SM Homeostasis 
and Receptor-Mediated Signaling

The accumulation of SM in the exoplasmic leaflet of the plasma membrane together with its
high-density packing and affinity for cholesterol (see above) implies a vital role in the barrier func-
tion of the plasma membrane.49-53 Recent evidence has further enriched this model supporting 
a role for SM in the homeostasis of lipid microdomains at the plasma membrane, often sites of 
receptor-mediated signaling. Taking advantage of the identification of SMS1 as bona fide SM syn-
thase, the role of SM in the activation of Fas signaling was investigated by Miyaji et al.75 Comparing 
SMS1 deficient cells (with over expressed Fas receptor) with cells in which expression of SMS1 was
restored, the authors provide evidence for a critical role of SM in Fas-mediated signaling by enabling 
the formation of the death-inducing signaling complex (DISC) and consequently allowing caspase 
activation and production of ceramide at the plasma membrane. Subsequently, the involvement of 
SMS1 in the maintenance of raft homeostasis has been postulated in S49 mouse lymphoma cells.73

A variant S49 cell line resistant to apoptosis induced by alkyl-lysophospholipids (ALP) turned out 
to be deficient in SM synthesis due to down-regulation of SMS1 expression. Since ALP appears 
to be internalized via raft-dependent endocytosis, it was suggested that SM depletion perturbs
the internalization of ALP in the resistant S49 variant. Indeed, down-regulation of SMS1 in the 
parental S49 cells mimicked the resistant phenotype observed in the S49 variant cell line, i.e., a 
diminished raft-dependent uptake of ALP and ALP-induced apoptosis.

More recently, involvement of SMS2 in the maintenance of SM levels in plasma membrane
lipid microdomains was determined in HEK 293 cells.72 In these cells, it was shown that 
siRNA-mediated down-regulation of either SMS1 or SMS2 induced a significant reduction of 
SM content in detergent-resistant fractions. Confirmation of the involvement of SMS2 in the 
physiological maintenance of plasma membrane SM has come from studies using macrophages 
from SMS2 knock out (KO) mice.76 Macrophages from SMS2 KO mice showed diminished 
recruitment of the Toll Like Receptor 4-MD2 complex on the cell surface in response to ly-
popolysaccharide (LPS) treatment, consistent with the reduction of LPS-mediated apoptosis
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observed in THP-1-derived macrophages after siRNA-mediated down-regulation of SMS1 
or SMS2.77 Likewise, siRNA-mediated down-regulation of SMS2 in HEK 293 cells partly 
inhibited recruitment of the tumor necrosis factor (TNF) � receptor 1 to detergent-resistant
microdomains in response to stimulation with TNF, decreasing TNF-mediated down-stream
signaling. These observations complement the fact that over-expression of SMS1 or SMS2 in
Chinese hamster ovary (CHO) cells increased the number of detergent-insoluble microdo-
mains and TNF-induced apoptosis.77 In both the SMS2 KO macrophages and HEK 293 cells, 
NF-�B activation was one of the down-stream signaling events that were inhibited upon loss 
or down-regulation of SMS2, thus supporting an early report in which a link between stimula-
tion of SM synthesis and nuclear translocation of NF-�B was established.78 SMS1 has been
also implicated in raft-dependent activation of T-cell receptor in Jurkat cells.79 By using Jurkat 
cells stably expressing shRNA targeting human SMS1, the authors established a cell line with
impaired SM synthesis and levels in the plasma membrane. Stimulation of T-cell activation with 
CD3 revealed impaired expression of CD69 (early marker of leukocyte activation), adhesion, 
proliferation and TCR clustering and translocation to lipid rafts.

Finally, regulation of cellular SM has been observed upon modulation of either SMS1 or SMS2 
in HeLa cells.74,80 Over-expression of either SMS1 or SMS2 resulted in a net increment of basal
SM mass.74 Moreover, expression of either SMS1 or SMS2 favored comparable SM resynthesis 
after hydrolysis of plasma membrane SM induced by treatment with bacterial sphingomyelinase.74

Since in HeLa cells, SMS1 localizes exclusively at the Golgi and SMS2 localizes at the Golgi and 
plasma membrane, these observations indicate that the unique plasma membrane localization of 
SMS2 did not specifically facilitate SM resynthesis from plasma membrane derived-ceramide,
thus suggesting that the pool of SMS2 in the Golgi may be of significant activity. In support of 
this conclusion, over-expression of either SMS1 or SMS2 in HeLa cells comparably increased de
novo SM biosynthesis, known to occur in the Golgi,74 whereas down-regulation of either one 
significantly inhibited it in HeLa,74,80 Huh,72 HEK 293 cells and macrophages isolated from KO
mice.76 In HeLa cells down-regulation of either SMS1 or SMS2 inhibited TNF-mediated NF-�B
activation by altering plasma membrane receptor activation, similarly to HEK 293 cells (Luberto
and Marimuthu, unpublished observations).

SMS1 and SMS2 as Regulators of Lipid-Based Signaling
Given the enzymatic activity of SMS and the biological relevance of its substrates and products 

of the reaction, similarly to what discussed for SM, significant effort has been directed at deter-
mining the contribution of SMS1 and SMS2 to the homeostasis of ceramide and DAG levels
in mammalian cells and their role in the cellular functions mediated by these bioactive lipids.
Modulation of SMS1 and/or SMS2 expression has been achieved by gene over-expression or by 
their down-regulation using silencing RNA or by SMS2 gene KO.

The effect of over expression of SMS1 on ceramide levels was first reported in Jurkat cells after
stable transfection.81 In these cells, enhanced SMS1 levels caused a general increase of sphingolipids
in resting cells. On the other hand, over expression of SMS1 prevented accumulation of ceramide
and dihydroceramides following photodamage, as compared to vector control cells, even though no
SM accumulation could be observed. In this system over expression of SMS1 prevented apoptosis 
associated to photodamage. On the other hand, in wild type Jurkat cells, siRNA-mediated down 
regulation of SMS1 enhanced accumulation of ceramides, dihydroceramides and sphingosine 
following photodamage, with a concomitant enhancement of apoptosis.82 Similarly, increased
apoptosis was also observed after photodamage when SMS2 was down-regulated. A comparable
correlation between SMS1 expression and cell death was observed in yeast.83 In fact mouse SMS1
was identified as a gene able to rescue yeast cells from cell death induced by expression of the 
pro-apoptotic Bcl-2 family member, Bax and other cytotoxic stimuli such as hydrogen peroxide,
osmotic stress and elevated temperature. Since expression of SMS1 would favor growth of yeast cells 
in the presence of either short-chain ceramide analogues or phytosphingosine and a mouse splice
variant of SMS1 missing the key catalytic residues did not rescue bax-induced cytotoxicity,62 it was
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speculated that the SMS1-mediated effect was due to metabolism of stress-inducing intermediates
of sphingolipid metabolism, even though no lipid analysis was reported in these studies.

Similar to Jurkat cells,81 over-expression of SMS1 or SMS2 in CHO cells caused an increase of 
ceramide levels.77 An increase of ceramide levels was also observed upon down-regulation of either 
SMS1 or SMS2 in HeLa and Huh cells,66,72,74 suggesting that changes in ceramide levels due to 
modulation of SMSs might be differently regulated depending on the specific cellular context.

Whereas the levels of PC do not seem to change following modulation of SMSs,66,72,74,77 al-
tering the expression of SMS1 or SMS2 exerts diverse responses on DAG levels. In CHO cells
over-expression of SMS1 or SMS2 induced a significant accumulation of total DAG.77 On the other
hand, in HeLa cells down-regulation of either SMS1 or SMS2 did not alter total DAG levels66,74 and
in Huh7, SMSs down-regulation caused a tendency to decrease that was not significant.72 Therefore,
also in the case of DAG as for ceramide, cells react differently to modulation of DAG levels by SMS 
activity and that may have to do with the bioactivity of these lipids. Importantly, even though HeLa 
cells did not show a change in total DAG levels, a local decrease of DAG could be probed at the level
of the Golgi when SMSs were down-regulated and SM synthesis stimulated.74 These observations
suggest that first, SMSs at the Golgi are able to produce DAG and that in resting cells, there are in
place systems that effectively prevent large oscillations of DAG due to alteration of SMS activities.
When the equilibrium of the system is tilted by enhanced availability of ceramide for SMS1 or 
SMS2 in the Golgi, then the metabolism of DAG produced in this organelle is not adequate and 
DAG might accumulate in this compartment. As also eloquently discussed by Richard Pagano,84 a 
number of metabolic pathways could hypothetically regulate the level of SMS-produced DAG at
the Golgi: (1) DAG produced at the Golgi could recycle back to the endoplasmic reticulum where
it is utilized for a new round of PC biosynthesis; (2) DAG could be utilized in the Golgi itself to 
produce a new molecule of PC; and (3) DAG could be readily degraded through the action of 
cytoplasmic lipases or metabolized into other molecules, such as phosphatydic acid. Interestingly,
stimulation of sphingolipid synthesis in HeLa cells led to translocation of the DAG-binding protein 
protein kinase D (PKD) to the Golgi, possibly through a SMS-mediated mechanism.85 Indeed, with 
the identification of SMSs, it was later shown that down-regulation of SMS1 or SMS2 inhibited 
translocation of PKD to the Golgi induced by stimulation of SM synthesis, thus reinforcing the 
notion that if accumulated, the DAG produced by SMSs at the Golgi is biologically functional.74

Since PKD is involved in regulation of the secretory pathway from the trans Golgi network, these
observations may implicate SMS-derived DAG as potential regulator of the budding of secretory 
vesicles from the Golgi apparatus to the plasma membrane.

Conclusion
Over the last few years a wealth of novel insight into the dynamics of SM biosynthesis has 

emerged and yet a large number of still unresolved questions are ahead of us. For example, the
enzymes responsible for SM biosynthesis in mammals belong to a conserved protein family 
whose members display striking differences in substrate specificity. This SMS family contains 
both single and dual activity enzymes, with SMS1 being a monofunctional SM synthase, SMSr a 
monofunctional CPE synthase and SMS2 a bifunctional enzyme with both SM and CPE synthase
activity. These results, combined with the observation that each enzyme mainly resides in a dif-ff
ferent organelle along the secretory pathway, establishes an unexpected level of complexity in the 
organization of sphingolipid biosynthesis in mammals. What is the significance of SMSr-mediated 
CPE biosynthesis in the ER? Does this enzyme play a role in controlling ceramide-induced stress
pathways that originate from the ER? The relative extent of cell surface-associated SM and CPE
synthase activity mediated by the bifunctional enzyme SMS2 will be controlled, at least in part, by 
the availability of its substrates PC and PE. In healthy mammalian cells, PE is largely confined to 
the cytosolic leaflet of the PM whereas PC in the exoplasmic leaflet should be plentiful. However, 
when PM lipid asymmetry is dissipated, for example during apoptosis, the higher proportion of 
PE in the exoplasmic leaflet would stimulate SMS2-mediated CPE production. This raises the
intriguing possibility that transbilayer lipid arrangement may have a direct impact on the activity 
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of SMS2 as a negative regulator of ceramide signaling at the PM. Moreover, SMS1 and a pool of 
SMS2 are both localized to the Golgi.58,66,72,74,76 Why is this organelle equipped with two different 
SMS enzymes? What is the relevance of the reverse activity of SMS enzymes? Does it really take 
place in cells? Is the activity of SMS enzymes merely regulated by the reciprocal local concentra-
tions of their substrates and products or are there other levels of regulation? And what is the fate
and function of DAG molecules produced by either SMS1 or SMS2?

Several reports have described a complex regulation of SMS activity and SM, ceramide and
DAG in the nucleus.86-88 SMS activity has been detected in the nuclear envelope and associated
with the chromatin.89 Interestingly though, it seems that these two activities might have opposite
regulation during proliferation and apoptosis. In fact, during proliferation, chromatin SMS de-
creases whereas the one localized in the nuclear envelope increases, while an opposite profile has
been observed during apoptosis.90,91 The changes in chromatin-associated SMS might regulate
accessibility of DNA for transcription by regulation of DNA associated SM, similarly to what 
observed in the case of double stranded RNA.92 Surprisingly, neither SMS1 nor SMS2 localize 
to the nucleus and so the identities of the nuclear SMS activities remain to be established.

Finally, it has been proposed that SMS activity might be responsible for the activity of the
elusive PC-specific phospholipase C (PC-PLC), an enzyme potentially involved in the regula-
tion of DAG but still of unknown identity.78 Whether SMS1 or SMS2 are also responsible for
carrying out the reaction proposed for PC-PLC, perhaps under specific conditions such as poor 
ceramide availability, remains to be established. In the near future, we hope to find answers to 
some of these questions.
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Abstract

Evidence has consistently indicated that activation of sphingomyelinases and/or ceramide
synthases and the resulting accumulation of ceramide mediate cellular responses to stres-
sors such as lipopolysaccharide, interleukin 1�, tumor necrosis factor �, serum deprivation,

irradiation and various antitumor treatments. Recent studies had identified the genes encoding 
most of the enzymes responsible for the generation of ceramide and ongoing research is aimed at 
characterizing their individual functions in cellular response to stress. This chapter discusses the 
seminal and more recent discoveries in regards to the pathways responsible for the accumulation
of ceramide during stress and the mechanisms by which ceramide affects cell functions. The for-
mer group includes the roles of neutral sphingomyelinase 2, serine palmitoyltransferase, ceramide
synthases, as well as the secretory and endosomal/lysosomal forms of acid sphingomyelinase. The
latter summarizes the mechanisms by which ceramide activate its direct targets, PKC�, PP2A and 
cathepsin D. The ability of ceramide to affect membrane organization is discussed in the light of 
its relevance to cell signaling. Emerging evidence to support the previously assumed notion that 
ceramide acts in a strictly structure-specific manner are also included. These findings are described 
in the context of several physiological and pathophysiological conditions, namely septic shock, 
obesity-induced insulin resistance, aging and apoptosis of tumor cells in response to radiation
and chemotherapy.

Introduction
Cells and organisms have developed various strategies to deal with adverse changes in their 

environment. Cellular insult by infectious agents, toxins, nutrient deprivation, or genotoxic stress
produces a coordinated systemic response (generally referred to as inflammation), which is aimed 
at neutralization of the insult and initiation of tissue repair. The first line of defense at systemic level
is stimulation of the innate immune response, which consists of regulated production of inflam-
matory mediators, including cytokines like IL-1�, TNF� and IL-6. The typical cellular response
to environmental stressors includes the induction of cellular apoptosis (in response to either 
genotoxic stress or cytokines like TNF�), growth arrest (during nutrient deprivation), increased 
eicosanoid production, cell migration and adhesion (in the presence of infectious agent). While
acute inflammation is protective for the organisms, excessive and long-standing inflammation is
harmful and underlies diseases like septic shock, atherosclerosis, asthma, rheumatoid arthritis and
inflammatory bowel disease.

Diverse signaling pathways mediate cellular response to stress. The sphingolipid second mes-
sengers ceramide, ceramide-1-phosphate, sphingosine and sphingosine-1-phosphate play important 
role as mediators in many of these pathways. This chapter is focused on the role of ceramide in
cellular stress response and the mechanisms of its generation and action.
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Chemical Structure and Biophysical Properties of Ceramide
Ceramides (Fig. 1) form the hydrophobic backbone of all complex sphingolipids1 and consist 

of a long chain sphingoid base and amid linked fatty acid which is either saturated or unsaturated 
and vary in length from two to 28 carbon atoms. In mammalian cells, the most commonly found 
ceramides have D-erythro-sphingosine and a saturated fatty acyl chain of 16 carbon atoms and are 
among the most hydrophobic lipids in the membrane. Free ceramide has a very low critical micellar 
concentration (cmc� 10�10M) and cannot exist in aqueous solutions.2 Nevertheless, ceramides are 
still considered as amphiphiles because the hydroxyl group at the first carbon and the amide bond 
are hydrophilic moieties. Dihydroceramide differs from ceramide inasmuch as the latter contains
a trans 4, 5 double bond, which is essential for some of the bioactive roles of ceramide.

The structural features in the ceramide molecule that are required for its biological properties are
not well understood, however the two hydroxyl groups, amid group protons and the trans-double
bond seems to be involved.3 A network of intramolecular hydrogen bonds involving the OH and 
NH groups establishes a unique conformation arrangement of ceramide molecule.

Changes in Ceramide Mass during Stress
The basal ceramide concentrations in the cells are low and may change during cellular dif-ff

ferentiation or progression through the cell cycle. Various inducers of cellular stress however lead
to an accumulation of ceramide that promotes apoptotic, inflammatory and growth inhibitory 
signals and also mediates the onset of a specific response. The data in Table 1 illustrate what is the 
magnitude of changes in ceramide levels under various conditions of stress. These reported differ-
ences however, are likely to be an underestimation since they are measured in total cell preparations
and not in the specific membrane fractions where ceramide was generated. Furthermore, with the 
exception of mass spectrometry—based assays, the most commonly used methods of ceramide
quantification do not separate the individual ceramide species.4 This might be important as the 
impact ceramide has on cell functions seemingly depends on the type of fatty acid attached to the 
sphingoid base. Recent data indeed support the notion that the different biological effects caused 
by ceramide may be mediated by distinct molecular species of the lipid, underscoring the necessity 
to evaluate changes in ceramide content in a structure-specific manner.

A comparison of the magnitudes of ceramide accumulation observed under various treatments
reveals that the changes are more robust in response to chemotherapeutics or irradiation. As the 
outcome of these treatments has been the induction of cell death via apoptosis, some investigators

Figure 1. Structure of ceramide.
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Table 1. Changes in ceramide content in response to stress and during some 
pathophysiological conditions

Control Treatment Assay Tissue/Cell Type Ref.

Hypoxia/
Re-
oxygenation

4.5 pmol/nmol LP
100%
22 pmol/nmol LP#

250 pmol/mg Pr
100%
100%

8.5 pmol/nmol LP
200% of control
55 pmol/nmol LP
900 pmol/mg Pr
300% of control
50% of control

Mass Spec
DAGK
DAGK
DAGK
DAGK
DAGK

NT-2
Cardiac myocytes
NRK-52E
PC-12
HUVEC
A7r5

6
7
8
9
10
11

Ischemia/
Reperfusion

110% of sham
100%
50 pmol/nmol
190 pmol/mg Pr

175% of sham
200% of control
90 pmol/nmol LP
290 pmol/mg Pr

Mass Spec
DAGK
DAGK
DAGK

Brain
Rat cardiomyocytes
Renal cortex
Liver

12
13
14
15

IL-LL 1� 100%
100%
18 pmol/nmol LP
75 cpm/106cells
1 nmol/mg Pr
1.1 nmol/mg Pr
250 pmol/106cells
450 pmol/106cells
100%

390% of control
170% of control
45 pmol/nmol LP
160 cpm/106 cells
1.5 nmol/mg Pr
1.48 nmol/mg Pr
500 pmol/106 cells
800 pmol/106 cells
170% of control

DAGK
DAGK
DAGK
Labeling
HPLC
HPLC
DAGK
DAGK
Labeling

Rat astrocytes
CG-4
Rat myocytes
Rat mesangial cells
Rat hepatocytes
Rat hepatocytes
HUVEC
Dendritic cells
Thyroid cells

16
17
18
19
20
21
22
23
24

TNF-� 100%
100%
200 pmol/mg Pr
22 pmol/106 cells
100%
0.8 nmol/mg Pr
5.0 nmol/mg Pr
0.5 nmol/nmol LP
100%
100%
100%
100%
5 pmol/nmol LP
5 pmol/nmol LP

150% of control
330% of control
850 pmol/mg Pr
37 pmol/106cell
300% of control
1.4 nmol/mg Pr
10.9 nmol/mg Pr
1.1 nmol/nmol LP
460% of control
700% of control
175% of control
250% of control
13 pmol/nmol LP
12 pmol/nmol LP

HPLC
DAGK
DAGK
DAGK
HPLC
DAGK
HPLC
Mass Spec
DAGK
DAGK
DAGK
DAGK
DAGK
DAGK

Cortical neurons
Rat astrocytes
U-87 MG cells
Mesangial cells
Hepatocytes
Lung microsomes
Alveolar lavage
Endothelial cells
MIN6 cells
MCF-7 cells
MCF-7 cells
L929
U937 cells
SK2

25
16
26
27
28
29
30
31
32
33
34
35
36
36

Serum
starvation

100% 200% of control DAGK Mouse keratinocytes 37

LPS 2.8 pmol/nmol LP
4 nmol/ml
3.2 nmol/ml
100%

3.5 nM/mg Pr
258 pmol/mg Pr
8 nM/mg Pr
1.1 nmol/mg Pr

4.3 pmol/nmol LP
8 nmol/ml
4.8 nmol/ml
200-500% of 
contr.
16 nM/mg Pr
1634 pmol/mg Pr
22 nM/mg Pr
2.1 nmol/mg Pr

HPLC
HPLC
HPLC
HPLC

HPLC
HPLC
HPLC
DAGK

Brain
Plasma
Mouse serum,
Human plasma

THP-1 cells
Mouse Mø
Human alveolar Mø
Intestinal mucosa

38
38
39
39

40
41
42
43

continued on next page
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Control Treatment Assay Tissue/Cell Type Ref.

ER stress 5 pmol/mg Pr 9 pmol/mg Pr Mass Spec INS-1 cells 44

Ionizing
radiation

100%
100%
0.95 nmol/106 cells
6-12 nmol/ml
100%
10 pmol/106 cells
100%
100%
10 pmol/nmol LP
100%
100%
100%

700% of control
320% of control
1.25 nmol/106 cells
9-18 nmol/ml
250% of control
50 pmol/106 cells
130% of control
140% of control
17 pmol/nmol LP
320% of control
140% of control
900% of control

DAGK
Labeling
DAGK
HPLC
Labeling
Mass Spec
DAGK
DAGK
Mass Spec
DAGK
Labeling
DAGK

OLG
CHK cells
BAEC
Human serum
Keratinocytes
Jurkat cells
HEK293
Jurkat T-cells
MCF-7
HeLa
U937 cells
Human platelets

45
46
47
48
49
50
51
51
52
53
54
54

Diabetes/
obesity

0.5 pmol/	g Pr
12 pmol/mg tissue
25 pmol/mg tissue
0.2 nmol/mg tissue
15 pmol/mg
100%
3.5 pmol/	l
0.5 nmol/mg Pr
2.4 nmol/ml
120 pmol/150	l
380 pmol/mg Pr
300 pmol/mg Pr
650 pmol/ml
310 pmol/mg Pr
5 nmol/g
0.6 nmol/mg Pr
250 pmol/mg Pr

1.0 pmol/	g Pr
23 pmol/mg tissue
40 pmol/mg tissue
0.3 nmol/mg tissue
23 pmol/mg
No change
9 pmol/	l
1.5 nmol/mg Pr
3.1 nmol/ml
190 pmol/150	l
580 pmol/mg Pr
550 pmol/mg Pr
1400 pmol/ml
210 pmol/mg Pr
8 nmol/g
1.2 nmol/mg Pr
180 pmol/mg Pr

DAGK
Mass Spec
DAGK
DAGK
Mass Spec
Mass Spec
Mass Spec
HPLC
Mass Spec
Mass Spec
Mass Spec
Mass Spec
Mass Spec
Mass Spec
Mass Spec
DAGK
Mass Spec

Rat heart tissue
Muscle
Muscle
Liver
Muscle
Liver
Serum
Liver
Human plasma
Mouse Serum
Epididymal fat
Subcutaneous fat
Mouse plasma
Epididymal fat
Subcutaneous fat
Pancreatic islets
Retina

55
56
57
57
58
58
58
59
60
61
61
61
62
62
63
64
65

Aging 100%
100%
175 pmol/	g DNA
0.45% of total LP
1.3 nmol/mg Pr
0.5 pmol/mg Pr
3.5 pmol/nmol LP

170% of control
220% of control
250 pmol/	g DNA
0.8% of total LP
1.7 nmol/mg Pr
1.1 pmol/mg Pr
6.0 pmol/nmol LP

Mass Spec
DAGK
Mass Spec
HPLC
HPLC
DAGK
DAGK

Cerebral cortex
Heart
Adipose tissue
Liver
Rat hepatocytes
Endothelium
WI-38 HDF

66
67
68
69
70
71
72

Alzheimer’s
disease

27 nM/ml
100%
2.5 nmol/mg Pr
2.0 nmol/mg Pr

52 nM/ml
175% of control
9 nmol/mg Pr
8 nmol/mg Pr

DAGK
Mass Spec
Mass Spec
Mass Spec

CSF
Brain
Temporal cortex
Cerebellum

73
74
75
75

Heat stress 1.5 pmol/nmol LP 3.8 pmol/nmol LP DAGK Molt-4 76

continued on next page

Table 1. Continued
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Control Treatment Assay Tissue/Cell Type Ref.

Oxidative 
stress

100%
100%
100%
100%
100%
100%
100%

800% of control
200% of control
170% of control
200% of control
350% of control
140% of control
180% of control

DAGK
DAGK
DAGK
DAGK
Mass Spec
Labeling
DAGK

Human primary 
OLG
Cerebral cortex
PC12
Airway epithelium
APRE-19
SMC
HAEC

77
78
79
80
81
82
83

Car-
diovascular
disease

210.5 pmol/mg Pr
100%
135 nmol/ml

305.9 pmol/mg Pr
140% of control
220 nmol/ml

DAGK
Mass Spec
Mass Spec

Mouse heart
Mouse heart
Plasma

84
85
86

Anti-cancer 
therapies

100%
100%
7 pmol/nmol LP
100%
100%
1% of total LP
100%
100%
100%
100%
100%
100%
100%
100%
100%
100%
0.6 ng/106 cells

1000% of control
200% of control
70 pmol/nmol LP
220% of control
350% of control
10% of total LP
900% of control
180% of control
300% of control
650% of control
300% of control
380% of control
620% of control
700% of control
220% of control
220% of control
1.8 ng/106 cells

Labeling
Labeling
DAGK
Labeling
Labeling
Labeling
Labeling
Labeling
Labeling
Labeling
Labeling
Labeling
Labeling
Labeling
Labeling
Labeling
DAGK

LnCaP
PC-3
MDA-MB 231
MDA-MB 468
MCF-7
MCF-7
MCF-7
BT-20
MDA-MB 231
MDA-MB 468
Hs-578T
T47D
MCF-7
HL-LL 60/VCR
U-937
CHLA-90
JHU-022

87
87
88
89
89
90
91
92
92
92
92
92
92
93
93
94
95

In some cases numerical values were taken from graphically represented data and were rounded to
the nearest whole number. Abbreviations: General: CSF, cerebrospinal fluid; DAGK, diacylglycerol
Kinase; LP, lipid phosphate; Mø, primary macrophages; OLG, oligodendrocytes; Pr, Protein. Cells 
lines: A7r5, rat embryonic thoracic aorta smooth muscle; APRE-19, human retinal pigment epithelium; 
BAEC, bovine aortic endothelium; BT-20—human breast carcinoma; CG4, oligodendrocyte progenitor; 
CHK, Chinese hamster kidney; CHLA-90, human neuroblastoma; HAEC, human airway epithelial;
HDF, human diploid fibroblasts; HEK 293, human embryonic kidney; HeLa, cervical carcinoma; 
HL60/VCR, drug resistant human leukemia; Hs-578T, breast carcinoma; HUVEC, human umbilical 
vein endothelium; INS-1, rat insulinoma; JHU-022, squamous cell carcinoma; Jurkat, T-lymphocytes; 
L929, mouse fibroblasts; MDA-MB 231, human Caucasian breast adenocarcinoma; MDA-MB 468, 
human Black breast adenocarcinoma; MCF-7, human breast adenocarcinoma; MIN6, murine beta 
cells; Molt-4; human acute lymphoblastic leukemia; LnCaP, human prostate carcinoma; NRK-52E, 
rat kidney epithelium; NT-2, human neuronal precursor; PC3, human prostate carcinoma, PC12, rat 
adrenal medulla carcinoma; SK2, hybridoma; SP-1, mammary intraductal adenocarcinoma; T47D,
human ductal breast epithelial tumor; TNP-1, human acute monocytic leukemia; U87, human astro-
cytoma; U937, human leukemic monocyte lymphoma.

Table 1. Continued
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suggest that ceramide plays the role of a gauge that senses the level of cell injury and depending on 
downstream factors determines specific biological outcome.5

Mechanisms for Ceramide Generation during Stress
Ceramide does not move spontaneously between cellular membranes and is transported either 

during normal membrane biogenesis, or with the aid of CERT, a protein that transfers ceramides
synthesized at the endoplasmic reticulum to the Golgi apparatus. This insolubility of ceramide 
suggests that once generated, ceramide is likely to remain localized at the place of its synthesis 
until metabolized to other sphingolipids. Consequently, the increases in ceramide concentration 
during stress response are compartmentalized in distinct locations within the cells and might affect 
diverse sets of down stream targets and responses.

The two main metabolic pathways for generation of excess ceramide during stress response are
(i) the de novo synthesis in the endoplasmic reticulum and (ii) the turnover of sphingomyelin
(SM) either at the plasma membrane or in the endosomal/lysosomal compartment (Fig. 2). A 
number of agonists have been shown to activate these pathways leading to transient elevation in 
ceramide. The magnitude and temporal pattern of ceramide accumulation is further influenced
by the activity of ceramidases, SM synthases, ceramide kinase and glucosyl/galactosyl ceramide
synthases. These enzymes catalyze the conversion of ceramide to other sphingolipids and some
agonists seem to coordinately regulate both, the ceramide production and turnover.20,96

Role of the De Novo Pathway for Ceramide Generation
in Cellular Stress Response

The de novo pathway for synthesis of ceramide consists of 4 reactions: the serine palmitoyl-
transferase (SPT), which condenses palmitoyl-CoA and serine into 3-ketosphinganine, the 
3-ketosphinganine reductase that generates sphinganine, the (dihydro)ceramide synthase, which 

Figure 2. Metabolic pathways responsible for ceramide synthesis and degradation. The pools 
of ceramide involved in cellular response to stress are depicted in capital letters. Name of 
the enzymes are in plain italic. The names of relevant subcellular organelles are shown in 
bold italic. Black solid arrows are used to depict metabolic conversions. Black dashed arrow 
indicates protein-mediated transfer. White dashed arrow indicates vesicular transport.
Abbreviations: SPT: Serine Palmitoyltransferase; Cers: Ceramide synthases; CerT: ceramide
transfer protein. SMS1 & 2: sphingomyelin synthase 1 & 2; smpd1: Acid Sphingomyelinase, 
smpd2: Neutral sphingomyelinase1, smpd3: Neutral sphingomyelinase 2. CerK1, Ceramide
Kinase1; SK: sphingosine Kinase. ACeramidase: Acid Ceramidase.
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acylates sphinganine to dihydroceramide and the dihydroceramide desaturase, which converts
relatively inactive dihydroceramides to ceramides. Stimulation of the de novo pathway during 
cellular stress response happens through up-regulation of the activity of SPT and/or (dihydro)
ceramide synthase. The enzymes of the de novo synthesis of ceramide are in the endoplasmic 
reticulum. The newly generated ceramide is actively transported to the Golgi apparatus, where 
it serves as a rate-limiting substrate in the synthesis of complex sphingolipids, like SM and gly-
cosphingolipids. It is noteworthy that some of the known ceramidases may also act as ceramide 
synthases in a CoA-dependent and independent manner as they exhibit reverse activity. This
alternative route for ceramide synthesis is often referred to as the salvage pathway and its role in 
stress response is not well understood.

The activation of the de novo pathway apparently leads not only to an elevation in ceramide but
also to increases in the concentration of SM and glycosphingolipids. Such parallel accumulation is
documented in response to LPS, palmitate treatment and heat shock, among others and implies 
that a wide range of cell functions might be affected through specific and nonspecific mechanisms. 
Inhibitors of glucosylceramide synthase and labeling with radioactive precursors have been suc-
cessfully used to elucidate the specific role of ceramide in each case.

De novo synthesis of ceramide is target of a number of fungal inhibitors like fumonisin B1,
which inhibits dihydroceramide synthase and the reverse reaction of some ceramidases97 and
myriocin/ISP-1,98 cycloserine99 and beta-chloroalanine,100 all of which inhibit SPT. These widely 
used inhibitors remain a critical test of establishing whether the de novo pathway is involved in a 
particular cellular response (reviewed in Merrill101 and in Perry96).

The activation of the de novo pathway during conditions of stress was initially discovered in
yeast, where it regulates growth and the response to heat or osmotic stress (reviewed in Dickson102

and in Meier et al103). However, in yeast the signaling mediator is not ceramide but the free long 
chain bases, phytosphingosine and dihydrosphingosine, most likely reflecting the specifics of sphin-
golipid synthesis in yeast. Later, the activation of the de novo pathway in C. Elegans in response to
ionizing radiation was described and found to be involved in activation of the CED-3 caspase104

and the resulting apoptosis of germ cells.
In mammalian systems, the de novo pathway seems to play a prominent role in cellular response 

to heat or chemical stress,105 septic shock,106 lipo-apoptosis107 and insulin resistance,108 as well as 
in receptor-dependent and -independent induction of apoptosis by variety of chemotherapeutic
agents like etoposides109 and doxorubicin.110

Heat Stress
In the human acute lymphoblastic leukemia cell line Molt-4, heat shock induces more than

twofold increase in total ceramide levels with C16 ceramide being the major species affected. This
accumulation of ceramide has been linked to the induction of c-jun and apoptosis.105 Labeling 
with tritiated palmitate has shown an accumulation of ceramides, but not sphingoid bases, thus 
confirming that in contrast to yeast, where sphingoid bases mediate heat shock, in mammals, 
ceramide is apparently involved. Both, myriocin and fumonisin B1 inhibit the increase in total 
ceramide mass thus confirming that ceramides produced upon heat shock were products of SPT
and ceramide synthase activity.

Septic Shock
Similar observations delineate a role of the de novo synthesized ceramide in septic shock in vitro 

as well as in vivo.106 Administration of LPS or cytokines to rabbits increases hepatic sphingolipid 
biosynthesis leading to the accumulation of ceramide, SM and glycosphingolipids. Studies in cell 
lines link the stimulation of the de novo pathway to the activation of the MAP kinases and NF�B 
and respectively to the innate immune response. In nonhepatic tissues the elevation in ceramide 
biosynthesis during septic shock is correlated with the elevated glycosphingolipid synthesis that
seems to play a role in pathogen recognition.

Activation of ceramide synthesis in the liver has been linked to production and secretion of 
lipoproteins enriched in ceramides, sphingomyelins and glycosphingolipids. The functions of 
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these lipoproteins with “altered” sphingolipid content was not well understood; it became clear
however that the activation of the de novo synthesis during septic shock is paralleled by activation
of another ceramide-generating enzyme, the Zn2�-dependent secretory form of ASMase, termed
SSMase. This enzyme hydrolyses SM in the Low Density Lipoproteins (LDL), leading to a ro-
bust increase in LDL ceramide content. Several lines of evidence suggest that LDL that are rich
in ceramide might mediate injury to the arterial wall during inflammation. LDL extracted from
atherosclerotic plaques contain higher ceramide content as compared to LDL isolated from the
plasma.111 Experimentally-induced elevation in LDL ceramide content has been further linked to 
higher rate of LDL aggregation112 and oxidation, as well as with an increased potential to induce 
apoptosis in microvascular endothelial cell.113

Lipotoxicity and Insulin Desensitization
Consumption of diet rich in saturated fats (also known as Western diet) is the main risk factor for 

the development of insulin resistance, hyperglycemia and atherosclerosis. Palmitic acid is the main
component of the Western diet and is linked to excessive accumulation of lipids in lean tissues, mainly 
muscle and liver, lipotoxicity and insulin resistance. Because SPT has almost exclusive preference for
the CoA-thiol ester of palmitate, numerous studies have investigated whether Western diet affects 
de novo synthesis of ceramide. These studies have shown that excess palmitate (delivered via the 
consumption of Western diet, i.v. infusion, or directly added to cells in culture) stimulates the flux
through the de novo pathway resulting in accumulation of ceramide, SM and glycosphingolipids.58,114

Inhibition of SPT by myriocin prevents not only the palmitate flux through the pathway but also 
inhibits lipotoxicity, improves insulin response and leads to better glucose regulation.

The exact mechanism by which ceramide affects insulin response is not completely under-
stood. Schmitz-Peiffer et al115 observed that the accumulation of ceramide in myotubes exposed 
to palmitate was paralleled by inhibition of Akt/PKB. Cotreatment with myriocin, cycloserine, 
or fumonisin B1 restored insulin-stimulated Akt phosphorylation, even in the presence of excess
palmitate, suggesting that palmitate-induced stimulation of de novo synthesis is required for inhibi-
tion of insulin responsiveness. Recent data however imply that in vivo, the diet-induced ceramide 
increases have to be accompanied by increased triacylglycerides synthesis and accumulation in 
order to affect the overall insulin response. Furthermore, stimulation of the de novo synthesis of 
sphingolipids and that of triacylglycerides seems to be correlated in liver.59

Programmed Cell Death
Perhaps, the most extensively studied cellular response to ceramide is the induction of pro-

grammed cell death or apoptosis. Activation of (dihydro)ceramide synthase in particular is implicated
in endothelial cell death induced by TNF�,116 in daunorubicin,110 doxorubicin and gemcitabine-in-
duced apoptosis and may account for some aspects of the toxicity of phorbol esters,117 angiotensin 
II,118 cannabinoids119 and ischemia-reperfusion. In the latter case, investigation of intracellular sites 
of ceramide accumulation reveals that the elevation of ceramide is in mitochondria and is caused by 
the activation of a mitochondrial ceramide synthase via posttranslational mechanisms. Furthermore, 
ceramide accumulation appears to cause mitochondrial respiratory chain damage that could be
mimicked by exogenously added natural ceramide to mitochondria.12

The recent cloning and characterization of 6 members of the ceramide synthase family CerS1-6
(also known as longevity assurance gene 1-6 (LASS1-6)) provided the opportunity to finally 
begin studying the role of these enzymes in apoptosis in more details. CerS1 but not CerS2-6
for example, was found to be sufficient and required for apoptosis in response to gemcitabine/
doxorubicin treatment.120 Notably, the gemcitabine/doxorubicin combination treatment was
discovered to increase only the levels of C18-ceramide, the preferable substrate for CerS1. These 
and other studies have provided experimental evidence to the earlier assumptions that not only 
the type of sphingoid base (i.e., sphingosine vs sphinganine) but also the fatty acid length and 
degree of saturation influences the biological effectiveness of ceramide.
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The role of the de novo pathway in apoptosis had also been investigated in different animal
models. Inhibition of the enzymes controlling the de novo pathway prevents alveolar cell apoptosis, 
oxidative stress and emphysema (the prevalent disease caused by cigarette smoking) in both rats
and mice,121 delays the progression of atherosclerotic plaques in mice122 and ameliorates some of 
the pathological consequences of spinal cord injury.123

Autophagy
The final paradigm to be discussed is the role of the de novo synthesis of ceramide in 

autophagy, an evolutionary conserved cytoprotective mechanism that sustains cells during 
periods of nutrient limitation, but under certain conditions may lead to mammalian cell death. 
Ceramide addition is sufficient to induce autophagy in some cells and a correlation between
the rate of autophagy and ceramide synthesis has been observed in same pathological condi-
tions suggesting a mechanistic link between ceramide, autophagy and disease (reviewed in
Zheng et al2). Activation of de novo ceramide synthesis mediates autophagy in response to a 
bioenergetic crisis resulting in the rapid and profound down regulation of nutrient transporter
proteins.124 Ceramide is also shown to mediate the tamoxifen-dependent accumulation of 
autophagic vacuoles in the human breast cancer MCF-7 cells and to counteract interleukin
13-dependent inhibition of macroautophagy in HT29 cells.125 The mechanism seems to involve 
the pro-autophagic protein beclin 1.

Mechanisms of Activation of De Novo Synthesis of Ceramide during Stress
Regulation of SPT at a transcriptional level has been seen with a number of agents, includ-

ing endotoxin and cytokines,106 UVB irradiation126 and others.127 Induction of both form of 
SPT, SPT1 and SPT2, occurs in balloon-injured rat carotid artery.128 In contrast, long-term
consumption of food rich in palmitate is correlated with increases in SPT1 protein but not
mRNA level.59 Activation of SPT occurs also posttranslationally in response to etoposide33

and to heat shock in yeast.34 Mitochondrial injury in cerebral ischemia/reperfusion activates
ceramide synthases via posttranslational mechanism which is dependent of JNK.12 Cers1 
mRNA transcription is up-regulated in response to a gemcitabine/doxorubicin combination 
treatment,120 while cisplatin is shown to cause a specific translocation of Cers1 from the endo-
plasmic reticulum to the Golgi apparatus.129 The de novo pathway is also modulated through a 
negative feedback mechanism determined by the rate of sphingolipid degradation in the lyso-
somes since lipoproteins, sphingosine phosphate130 and ASMase activity59 seems to inhibit the 
flux through it. This might be a mechanism to prevent excessive synthesis of ceramide during 
normal healthy state of the cell.

Role of the Sphingomyelinases in Cellular Stress Response
The SMase family is a group of biochemically and genetically different enzymes all of which 

hydrolyze SM to ceramide and phosphorylcholine. SMase activities with neutral and acidic pH
optima are found in most mammalian cells and an enzyme active in alkaline pH is localized 
in the intestinal wall. Currently, research is focused on 4 genes encoding different mammalian
SMases: smpd1 encodes two forms of acidic SMase, one associated with the endosomal/lysosomal
compartment (ASMase) and a second one found in the plasma and the conditioned medium
of stimulated cells (SSMase). smpd2 and smpd3 encode the Neutral SMase 1 (nSMase1) and 2
(nSMase2), both of which are Mg2gg �-dependent but differ in their subcellular localization and
role in signaling. Data from several labs have shown that in mammalian cells, nSMase1 is a 
housekeeping enzyme with no particular function in signaling. The recently cloned zebra fish
nSMase1, however seems to mediate heat-induced apoptosis in zebra fish embryonic cells.131 In
mammalian cells, nSMase2 is regulated by cytokines like IL-1� and TNF� and mediates some
of the cytokine effects.132-134 The recently cloned smpd4, is suggested to encode a novel form of 
NSMase, nSMase3 that is found predominantly in skeletal muscle and heart.
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Neutral Sphingomyelinase

Hepatic Acute Phase Response
The acute phase response of liver is an essential component of the systemic host response to

bacterial infection and injury and requires IL-1�, a prototypic inflammatory cytokine. Activation of 
NSMase by IL-1� resulting in transient elevation in ceramide concentration is observed in number
of cells including hepatocytes, mesangial cells, EL-4 cells and it has been related to activation of 
TAK-1, JNK and NF-�B, all of which have important roles in the IL-1� cascade.135-137

In hepatocytes, specific silencing of nSMase2 with siRNA has only a minimal effect on the
basal cellular NSMase activity, however it results in a complete inhibition of the IL-1�-stimulated 
NSMase activity.138 Therefore, nSMase2 is probably an inducible enzyme that contributes little
to the basal turnover of SM, but at the same time it is also the only neutral SMase activated by 
IL-1�. The role of NSMase2 in the IL-1� signaling cascade is rather complex: seemingly, the ac-
tivation of nSMase2 modulates the pattern of phosphorylation of JNK by IL-1� and respectively 
the magnitude of transcriptional induction of the hepatic acute phase proteins like C-Reactive
Protein, �1 Acid Glycoprotein and Insulin-like Growth Factor Binding Protein-1. nSMase2
activation in hepatocytes leads to potentiation of JNK phosphorylation due to stabilization of 
the IL-1� receptor-associated kinase-1. The latter most likely involves a phosphatase, like the 
ceramide-activated protein phosphatase 2A (PP2A).139

Vascular Inflammation
Activation of nSMase2 by another pro-inflammatory cytokine, TNF� is well documented in

cells of the vasculature and various cancer cells.132,140,141 TNF�-induced nSMase2 activation is a 
prerequisite for endothelial nitric oxide synthase activation in HUVEC cells,134 as well as for the 
up-regulation in A549 lung epithelial cells of vascular cell adhesion molecule and intracellular 
adhesion molecule 1,141 all of which have prominent roles in vascular inflammatory responses.

Apoptosis
Studies into the activation of NSMase during apoptosis have focused mainly on the role

of NSMase-mediated ceramide production in the apoptosis induced by 55 kDa receptor for 
TNF�.142 A protein factor associated with NSMase activation, FAN, which interacts with the
membrane-proximal domain of the p55 receptor and couples stimulation of the receptor to neutral 
SMase activation, is required for TNF�-induced ceramide generation, caspase processing and apop-
tosis.143 Subsequent work in MCF-7 cells found that activation of NSMase in TNF�-stimulated cell 
death is upstream of mitochondrial changes, cytochrome C release and caspase-9 activation.144

Oxidative stress-induced cell death may also be attributed to activation of NSMase. Free oxy-yy
gen (H2O2), but not nitrogen (ONOO�) radicals specifically activate nSMase2, while silencing 
nSMase2 prevents H2O2-induced apoptosis, but had no effect on ONOO�-induced apoptosis.83

Very recent studies had began to suggest that a novel form of neutral SMase, nSMase3 is a DNA 
damage and nongenotoxic stress-regulated gene that is deregulated in human malignancies and modu-uu
late the sensitivity of cancer cells to adriamycin-induced cell killing.145 Early studies seem to suggest 
that at least the overexpressed nSMase3 can be activated by TNF�within seconds of stimulation.

Growth Arrest
A number of studies have established a role for NSMase-generated ceramide in regulating the 

cell cycle and mediating growth arrest, possibly through dephosphorylation of retinoblastoma 
protein and/or regulation of cyclin dependent kinases. Serum withdrawal causes activation
of NSMase and cell cycle arrest at G0/G1 in Molt-4 cells.146 Interestingly, a study focusing 
on genes up-regulated during confluence-induced arrest had initially identified nSMase2 as a 
confluence-arrest gene, CCA1, in rat 3Y1 cells.147 In line with that, nSMase2 seems to mediate
confluence-induced growth arrest of MCF-7 cells. The latter was preceded by confluence-induced 
translocation of nSMase2 to the plasma membrane.148
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Aging and Cancer
Constitutive up-regulation of nSMase2 and elevation of ceramide concentration during aging 

has been observed in liver, brain, macrophages and other tissues.149 This aging-associated elevation
in ceramide seems important for the onset of aging process since it has been causatively linked 
to hyperresponsiveness to IL-1�70 and LPS41 and to deregulation of nitric oxide production in 
endothelium.71 A substantial decline in hepatic GSH content, which is characteristic for the 
aging process is responsible for this constitutive increase in nSMase2 activity.150 nSMase2 appar-
ently follows a pattern of regulation consistent with “developmental-aging” continuum, since in 
animal models of delayed aging, like calorie-restricted animals, the aging-associated changes in
NSMase activity and function are reversed.150 In cellular model of senescence, similar induction
of NSMase activity and accumulation of ceramide has been observed in senescent cells and linked
to the decline in proliferative capacity and onset of senescence.72

In contrast, a somatic homozygous deletion specifically targeting nSMase2 (Smpd3) is found
in a genomic screen for gene copy losses contributing to tumorigenesis in a mouse osteosarcoma 
model, while loss-of-function mutations in smpd3 gene were identified in 5% of acute myeloid
leukemia and 6% of acute lymphoid leukemia cancers. It has been suggested that the mutation could
be linked to a defect in plasma membrane translocation of nSMase2 and decreased responsiveness
to TNF�. Reconstitution of smpd3 expression in mouse tumor cells lacking the endogenous gene
enhances the TNF�-induced reduction of cell viability.151

Mechanisms of Activation of NSMase
(i) Translocation: Studies have shown that nSMase2 can be translocated to the plasma 

membrane when cell confluence is reached.132 This translocation of nSMase2 is also re-
quired for the confluence-induced cell cycle arrest to ensue.152 In oligodendroma-derived
cells, a regulated translocation of NSMase2 to the caveolae, which are the signaling 
domains of the plasma membrane153 has been observed, while studies with highly dif-ff
ferentiated nonproliferating primary hepatocytes have shown that the overexpressed 
nSMase2 is localized constitutively at the plasma membrane.133 These data suggest that 
translocation of nSMase2 to the plasma membrane might be important mechanisms 
for regulation of its activity in situ by bringing the enzyme into contact with its sub-
strate. Pharmacological inhibitors and specific siRNA has implicated the novel PKC, 
specifically PKC�, in TNF and PMA-stimulated nSMase2 translocation to the plasma 
membrane.52

(ii) NSMase as a redox-sensitive enzyme. The major scavenger of reactive oxygen species, 
GSH, has been found to be a reversible inhibitor of cellular NSMase activity.33,154 This 
is noteworthy, because depletion of cellular GSH content is observed in conditions 
of increased oxidative stress. The modulation of NSMase activity by GSH was first es-
tablished in the context of regulation of TNF� signaling and apoptosis.33,154 Later, the 
ability of GSH to affect the sensitivity of T47D/H3 breast cancer cells to doxorubicin 
was attributed to the inhibitory effect GSH has on NSMase activity.155 A correlation
between oxidative stress and NSMase activity was also found in long-lived rats on vitamin 
Q10 enriched diet156 and in astrocytes treated with vitamin E.157 Finally, recent research
has shown that specific downregulation of nSMase2 with siRNA blocks H2O2-induced
apoptosis of human aortic endothelial cells, identifying nSMase2 as a redox-sensitive
protein.158 Detailed analyses of sensitivity of nSMase2 to GSH in hepatocytes suggest 
that GSH depletion exerts its effect on NSMase activity following a sigmoid dose depen-
dent curve. A rapid and significant activation of NSMase is observed only when hepatic 
GSH concentration drops below 30% of its basal level, implying that there is a threshold
required for NSMase activation during oxidative stress.150 Interestingly, nSMase1 is also 
sensitive to changes in the GSH/GSSG ratio.159 This suggests that redox sensitivity might 
be a common property of neutral SMases.
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Acid Sphingomyelinase

Endotoxic Shock
Patients with severe sepsis exhibit an enhanced SMase activity in plasma. The increase is cor-

related with the severity of illness and the fatal outcome.160 Studies in humans and mice adminis-
tered with LPS confirm these observations.39 Deletion of ASMase protects against LPS-induced
elevation in the plasma SMase activity161 and attenuates endothelial apoptosis and animal death43

implicating a secretory isoform of ASMase (SSMase) in apoptosis and organ failure in sepsis. The 
physiological and biochemical properties of this SSMase are not well understood. It has been
postulated that SSMase degrades SM in the secreting cell outer membrane leaflet, which contains 
almost ¾ of the cellular SM. This SM pool is seemingly inaccessible for other cellular SMases, since
the active center of nSMase2, the sole plasma membrane-associated SMase, is facing the cytosolic 
leaflet of the membrane. These proposed autocrine functions of SSMase however had not been
rigorously tested. In turn, substantial evidence had implicated SSMase in modifying the SM/
ceramide content of circulating LDL as discussed earlier in the chapter.

Apoptosis (reviewed in ref. 162)
Irradiation of tumor cells with ionizing radiation52,163-165 transiently activates ASMase with 

maximal activity detected between 1 to 10 min post irradiation. The activation of ASMase has
been linked to the ability of radiation to induce apoptosis since ASMase deficiency causes apoptosis 
resistance in various tissues in ex vivo or in vivo experiments.163-165 Genetic restoration of the activ-
ity also restores the radiation effects indicating that ASMase mediates apoptosis via ceramide, at
least in some cells including B cells, endothelial cells or mesothelium, lung epithelial cells, MCF-7 
breast cancer cells, etc. However, some other cell types, for example, thymocytes, remained sensitive
to radiation in ASMase-deficient mice suggesting that radiation effects are mediated by different
mechanisms depending on the cell type.

ASMase is also involved in death receptor-mediated apoptosis. Stimulation via the CD95
receptor leads to ASMase activation and ceramide accumulation that precedes the induction of 
cell death.166-168 Furthermore, studies with fibroblasts from Niemann–Pick disease type A patients, 
who exhibit deficiency of ASMase and hepatocytes from ASMase null mice show that ASMase
activation is required and sufficient for CD95 induced apoptosis.168,169

Viral and Bacterial Infections
Cellular ASMase activity seems to play an important role in susceptibility of mammalian organ-

isms to microbial infections. ASMase-deficient mice were found to be more sensitive to infections
with the Gram-negative bacteria L. monocytogenes, due to a defect in lyso-phagosomal fusion. In
wild-type macrophages, the phagosome rapidly fuse with the lysosomes to form a phago-lysosome 
and to kill and digest bacteria, while in macrophages deficient in ASMase the process is slower and 
leads to inefficient transfer of lysosomal antibacterial hydrolyses into phagosomes.170 Apparently,
ASMase is required for the proper fusion of late phagosomes with lysosomes.171 ASMase-deficient
mice were also more susceptible to infection with Sindbis virus, an enveloped virus with a 
single-stranded RNA that is involved in fatal alpha virus encephalomyelitis, due to more rapid
replication and spread of the virus in the nervous system.172

Mechanisms of Activation of ASMase
One mechanism for activation of ASMase involves its phosphorylation by PKC� at Ser508

which mediates UV light-induced ASMase activation and cell death in MCF-7 breast cancer 
cells.52 Phosphorylation of ASMase seems to be correlated with its translocation to the plasma 
membrane (see below) in irradiated cells.

Evidence for a Coordinated Regulation of Multiple Pathways 
for Ceramide Generation

A handful of studies suggest that the activity of the two SMases and the de novo pathway 
might be regulated in a coordinated fashion by the same agonist, resulting in the transient
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generation of distinct “waves” of ceramide increases that might serve to diversify the biological
effects of ceramide. These studies also emphasize the significance of specific ceramide species
in defined stages of cellular stress response.

For example, a transient increase of ceramide is observed within minutes after exposure to 
ionizing irradiation which is a consequence of DNA damage-independent acid SMase173 or
neutral SMase activation.47 Several hours after irradiation, a second wave of ceramide accumula-
tion is observed depending on the DNA damage-dependent activation of ceramide synthase. It 
seems that the late ceramide accumulation is also dependent on the first one and is rate limiting 
for the apoptotic process induced by irradiation.173

Kroesen et al174 on the other hand, showed that cross linking of the B-cell receptor gener-
ates C16-ceramide upstream of the mitochondria in a caspase independent manner and that
inhibition of C16 ceramide generation rescues from cell death.56 C24 ceramide however was 
generated downstream of mitochondrial dysfunction in a caspase dependent manner. All of the 
increases are seemingly due to activation of de novo synthesis and apparently different members
of the ceramide synthase family might be differentially regulated.

A classical example of coordinated regulation of neutral and acidic SMase is the early work 
of Kronke and colleagues.175 In these studies, stimulation with TNF� lead to activation of both 
enzymes through apparently separate mechanisms since different domains of the cytosolic tail of 
the TNF� receptor were responsible. Furthermore, while the activation of ASMase was linked 
to NF�B activation, NSMase seemed to regulate the activation of proline-directed serine/
threonine protein kinase(s).

Mechanisms of Ceramide Effects on Cellular Functions
Ceramide-Interacting Molecules
PKC� (reviewed in ref. 114)

PKC �, atypical PKC isoform, was identified as a molecule that ceramide directly binds and 
activate. Notably, ceramide-induced activation of PKC� is linked to inhibition of Akt-1. Akt-1 
is a key regulatory molecule for various metabolic cellular functions, cell proliferation and cell
death, which has been known for a long time to be inhibited by ceramide. Ceramide-activated 
PKC� seems to phosphorylate Ser34 of the Akt-1 pleckstrin homology domain, thus preventing 
the interaction of Akt-1 with PIP3 and respectively with the plasma membrane.176-178 In addition 
to stimulating the kinase activity of PKC�, ceramide binding seems to affect the ability of PKC�
to interact with other proteins. In vascular smooth muscle, ceramide stabilizes the interaction of 
Akt-1 and PKC� within caveolin-enriched lipid microdomains to inactivate Akt and specifically 
reduces the association of PKC� with 14-3-3, a scaffold protein localized to less structured regions 
within membranes.179 In differentiating embryonic stem cells, ceramide binding to PKC� similarly �
leads to activation of its kinase activity but also increases PKC� binding to its inhibitor protein, 
prostate apoptosis response-4 (PAR-4), thus compromising the antiapoptotic activity of PKC�
and inducing apoptosis.180

PP2A (reviewed in ref. 181)
Long chain D-erythro-C18-ceramide has been shown to activate PP2A (more specifically 

the AB’C trimer), PP2AC and PP1-�C and -�C in vitro suggesting a direct and stereospecific
effect of ceramide on the phosphatase activity. This ability of ceramide to activate PP2A was later 
found to mediate the ceramide effects on various substrates relevant to the induction of apoptosis,
growth arrest or inflammation, including c-Jun, Bcl-2, Akt/PKB, Rb, PKC�, ERK1/2, IRAK-1, 
SR proteins and many others.

Cathepsin D
Ceramide specifically binds and activates the endosomal acidic aspartate protease cathepsin

D. Direct interaction of ceramide with cathepsin D results in autocatalytic proteolysis of the
52 kDa procathepsin D to the enzymatically active 48/32 kDa isoforms that can subsequently 
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cleave and activate the apoptotic regulator Bid.182 Studies in ASMase deficient cells strongly 
suggest that ASMase activity is responsible for the generation of ceramide that can activate the
protease.183 This is in contrast to the ability of ceramide to activate PKC� and PP2A, which 
seemingly requires activation of the de novo pathway or NSMase.

Indirect Targets of Ceramide
Modulators of Apoptosis (reviewed in ref. 184)

The members of the Bcl-2 family of proteins are essential modulators of apoptotic cell death fol-
lowing genotoxic and nongenotoxic stress. Strong evidence links ceramide to the regulation of two
members of that family, the antiapoptotic Bcl-2 and the pro-apoptotic Bax. The mechanisms involved 
are far from understood and apparently quite complex. TNF�- and etoposide-induced activation of 
NSMase leads to apoptosis via a pathway where ceramide is upstream of the antiapoptotic member
of the family, Bcl-2 and lead to its inhibition (5).185 These effects seem to involve PP2A. Bcl-2, whose 
phosphorylation at Ser70 is required for its anti-apoptotic function, becomes dephosphorylated in
response to ceramide in a PP2A-dependent manner and consequently is degraded in the protea-
somes.186 In turn, gemcitabine-induced ceramide generation is found to enhance the expression
of proapoptotic Bcl-x.187 Ceramide accumulation is also linked to the activation of the execution 
caspases, but it is downstream of the initiator caspases.188,189

C16-ceramide, which is generated by ASMase in response to irradiation is shown to induce a 
conformation change of the pro-apoptotic member Bax leading to its activation and cytochrome C 
release.190 It was suggested that only the production of ceramide in the mitochondria can induce the 
oligomerization of Bax that drives cell death.191 As Bcl-2, Bax is also regulated by ceramide via PP2A, 
since its dephosphorylation is associated with conformational change and release of cytochrome C 
from the mitochondria. Ceramide generation by ASMase has been suggested to mediate cell death 
by caspase- dependent and independent mechanisms depending on the death stimulus.192

Regulators of Cell Cycle
Dephosphorylation of the Retinoblastoma protein, activation of the cyclin dependent kinase

inhibitor p21 and inhibition of the cyclin dependent kinase 2193,194 are essential steps in the pathway 4

leading to cell cycle arrest in response to ceramide accumulation. Ceramide induced-dephosphory-yy
lation of Retinoblastoma protein is mediated through PP2A, for which Retinoblastoma protein is 
a direct substrate. The hypophosphorylated Retinoblastoma protein binds and sequesters E2F, an
essential factor for progression through the cell cycle. The senescent-associated growth may be at-
tributed to a defect in the phospholipase D/protein kinase C (PLD/PKC) pathway and ceramide 
can inhibit both PLD and PKC.195,196

Regulators of Inflammation
Studies by Hannun and Brenner were the first to show that TNF� activates the stress-activated

protein kinases JNKs, resulting in the stimulation of AP-1-transcription factor and induces the
translocation of NF�B to the nucleus, resulting in the stimulation of NF�B-dependent gene tran-
scription, through ceramide.197 Ceramide induced JNK activation has also been reported in response
to FAS activation,198 irradiation199 and many cytokines. The activation of JNK by ceramide involves 
Rac-1200 in the case of radiation-induced apoptosis, PKC� in response to IL-1� �201 and TAK-1 in 
response to TNF-�, IL-1�, or anti-Fas antibody.202 In hepatocytes, nSMase2-generated ceramide
has been shown to modulate the effects of IL-1� on JNK phosphorylation and activity in PP2A 
and IRAK-1-depndent manner.133

Ceramide-mediated JNK activation inhibits differentiation of skeletal muscle progenitor cells 
to myoblasts203 and induces the expression of various acute phase proteins like Insulin-like Growth
Factor Binding Protein-1 in liver.204 JNK activation mediates apoptosis in neurons in response 
to ceramide and Amyloid �, the protein involved in the ethiology of Alzheimer’s disease. In that
system, an inhibition of NSMase was found to attenuate Amyloid �-induced JNK phosphorylation 
and AP-1 DNA binding activity suggesting the involvement of the plasma membrane-associated 
SMase activity.205



100 Sphingolipids as Signaling and Regulatory Molecules

Ceramide Effects on Membrane Organization
Some of the biological responses to ceramide generation are probably due to the effects cer-

amide has on the structure of membrane rafts and caveolae, on the membrane curvature and the
membrane permeability to aqueous solutes. The two hydroxyl groups, the amid group protons 
and the trans-double bond in ceramide molecule, together with the lack of large hydrophilic
head group determine the ability of ceramide to affect the properties and organization of bio-
logical membrane. The long-chain base and long saturated N-acyl chains accompanied by a very 
small hydrophilic head promote the partitioning of ceramide into ordered membrane domains.
Together with SM, which has a strong affinity for interacting with membrane cholesterol, ceramide 
participate in the formation of the caveolae, the signaling platforms on the cell surface. While
SM is by far much more abundant than ceramide in the lipid rafts, the generation of ceramide 
within rafts dramatically alters the biophysical properties of these membrane domains. Ceramide 
molecules have the tendency to spontaneously self associate to small ceramide-enriched mem-
brane microdomains.206 Gulbins and colleagues had proposed that these ceramide microdomains 
spontaneously fuse to form large ceramide-enriched macrodomains or platforms. The formation 
of such platforms is proposed to underline the process of agonist induced receptor clustering 
and consequently, the reorganization of intracellular signaling molecules to transmit a signal into
the cell. Among the receptors affected by ceramide-mediated aggregation/clustering are CD95,
CD28, TNF�, CD40, FcgRII.207 Intriguingly, the acidic form of SMase seems to be involved in 
the formation of these signaling platforms, since it has been shown to translocate to the plasma 
membrane under certain conditions. In further support to that extend, overexpression of the SM
synthase, SMS-1, which enriches plasma membrane with SM also enhances the translocation of 
Fas into lipid rafts leading to subsequent Fas clustering, DISC formation, activation of caspases 
and apoptosis, suggesting that SM levels in the lipid rafts might also be a critical factor possible
by acting as a source for ceramide.208

Another intriguing property of ceramide is its ability to spontaneously form channels into planer
bilayers, liposomes and biological membranes indicating that ceramide might regulate membrane
leakiness. Experiments with unilamellar vesicles show that ceramide forms large pores that can allow 
the efflux of proteins as large as 60 kDa. Studies by Colombini and colleagues had shown that at physi-
ologically relevant levels, ceramides form stable channels in mitochondrial outer membranes capable 
of passing the largest proteins known to exit mitochondria during apoptosis including cytochrome
C.209 Ongoing efforts on characterizing the ceramide metabolism in this organelle will shed more
light into the physiological function of ceramide in the mitochondria.

Finally, studies in cells isolated from ASMase-deficient mice or Niemann-Pick patients had shown
defects in the phagolysosomal fusion and rab-4-mediated endocytosis210 indicating that ASMase regu-
lates select vesicular fusion processes by modifying the steric conformation of cellular membranes.211

These conclusions are supported by series of studies on the infectivity of Listeria monocytogenes ands
Mycobacterium avium discussed earlier.

Conclusion
It was realized long ago that sphingolipid structure is highly diverse and encodes distinct chemi-

cal information that can be conveyed during cell signaling.212 Research spanning through the last
two decades established experimentally the role of this novel family of bioactive lipids in signaling.
Ceramide emerged as the key metabolite in several sphingolipid-based signaling networks and was
recognized to mediate conserved pathways of cellular stress response. With the genetic cloning 
and characterization of the majority of ceramide metabolizing enzymes, it also became clear that 
ceramide metabolism is finely tuned leading to spatial, temporal and species-specific accumulation 
during stress. A strict substrate specificity and distinct cellular localization of the enzymes that
catalyze ceramide synthesis and degradation has brought diversity in the signaling molecules and
cellular responses regulated by ceramide. The distinct ability of ceramide to alter the biophysical
properties of cellular membrane adds additional layer of complexity in our understanding of the 
roles of ceramide in cellular stress response.
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Abstract

Bioactive sphingolipids play key roles in the regulation of several fundamental biological 
processes such as proliferation, apoptosis and transformation. The recent development
of genetically engineered mouse (GEM) models has enabled the study of functional roles

of sphingolipids in normal development and disease. In this chapter, we review the phenotypes
of GEM models (knockout mice) that lack sphingolipid metabolism-related enzymes, discuss
what we have learned from animal models and describe future directions of animal models in 
sphingolipid research.

Introduction
Sphingolipids constitute a class of lipids that share the presence of a sphingosine base in the

backbone of their structures. In addition to their important structural functions, sphingolipids are 
currently considered key bioactive molecules that modulate cellular processes such as proliferation, 
differentiation, senescence, apoptosis and transformation. The recent development of genetically 
engineered mouse (GEM) models has contributed extensively to the field of sphingolipid research. 
In this review, we discuss biological functions that have been revealed using GEM for sphingo-
lipid metabolism-related enzymes: sphingosine kinase 1 and 2, ceramidases, sphingomyelinases,
sphingomyelin synthases and sphingosine-1-phosphate (S1P) lyase.

Sphingosine Kinase 1/2
Sphingosine kinases (SphKs), which are highly conserved enzymes found in mammals,1-4 insects,4 5

plants,6 yeast,7 worms8 and slime molds,9,10 catalyze the synthesis of sphingosine 1-phosphate
(S1P) via the phosphorylation of sphingosine. To date, two distinct isoforms of SphK have been
identified in mammals—SphK1 and SphK2. Two enzymes in mice contain five highly conserved 
regions (C1-C5) and an ATP binding site within a conserved lipid kinase catalytic domain.1,2

Despite sharing two large conserved regions, these kinases have different kinetics of expression 
during development as well as different subcellular localizations.2,11,12 Northern blot and quantita-
tive PCR have revealed that SphK1 mRNA is high at embryonic day 7 (E7) and then decreases,
but SphK2 mRNA expression remains high at later embryonic developmental stages.2 SphK1 is
predominantly localized to the cytoplasm but can be induced to localize to the inner leaflet of 
the plasma membrane.13 SphK1 is distributed differently than SphK2 in the tissue, although both 
enzymes are widely expressed in most tissues.2,14 Mice lacking the gene that encodes either SphK1 or 
SphK2 have no abnormal phenotypes, but SphK1/2 double knockout (KO) mice are lethal prior to
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E13.5 with severe vascular and neural tube defects, resembling S1P 1 receptor-null mice.15,16 These 
results indicate that S1P signaling during embryonic development is critical for neurogenesis and 
angiogenesis. Further analysis of SphK-deficient mice revealed that SphK1���SphK2��� females—but 
not mutant males nor any other mutant female combination—were infertile due to severe defects
in decidual cells and decidual blood vessels, leading to early embryonic lethality.17 A function of 
SphK1 and 2 in immunoregulatory system is well studied. FTY720, a potent immunosuppressive
agent that, when phosphorylated, functions as an agonist for S1P receptors, S1P1, S1P3, S1P4 
and S1P5, caused lymphopenia in SphK1-null mice, but not in SphK2-null mice, indicating that
SphK2 and not SphK1, is the primary kinase responsible for phosphorylating FTY720 in vivo.15,18

Conditional deletion of SphK1 and SphK2 in mice prevented lymphocyte egress from the thymus
and peripheral lymphoid organs via the reduction of plasma and lymph S1P levels.19

Recently, roles of the SphK1/S1P pathway in inflammation and cancer have been revealed.
The SphK1/S1P pathway has been reported to regulate the cyclooxygenase-2 (COX-2)/prosta-
glandin E2 (PGE2) pathway and pro-inflammatory products in several cell lines, such as murine
fibroblasts and human colon and lung cancer cells.20,21 In mast cells, macrophages and neutrophils,
SphK activity is stimulated by the ligation of plasma membrane receptors for C5a, Fc and formyl 
peptide (fMLP).22-25 Two reports of studies using SphK KO mice suggested a role for SphKs
in inflammation and neutrophil functions.26,27 SphK1 KO mice exhibit normal inflammatory 
cell recruitment during thioglycollate-induced peritonitis and SphK1-null neutrophils respond
normally to formyl peptide. In a collagen-induced arthritis model of rheumatoid arthritis, SphK1
KO mice develop arthritis with a normal incidence and severity.26 Neutrophils isolated from the
bone marrow of SphK1 KO mice or SphK2 KO mice have normal increases in intracellular Ca2�

stimulated by fMLP, platelet-activating factor, the anaphylatoxin C5a, or ATP and normal migra-
tion towards fMLP and C5a.27 These findings do not support the hypothesis that SphKs play a 
critical role in inflammation. Further analysis using a dextran sodium sulfate (DSS) colitis model 
has revealed that SphK1 KO mice have significantly less severe DSS-induced acute colitis.28 Very 
recently, SphK1 KO mice have been shown to have significantly less aberrant crypt foci (ACF)
formation, which is a preneoplastic lesion of colon cancer induced by the rodent colon carcinogen
azoxymethane (AOM).29 In addition, SphK1 deficiency significantly protects against colon cancer 
development induced by AOM/DSS treatment in a colitis-induced colon carcinogenesis model.
An AOM-induced colon carcinogenesis mouse or rat model has a similar spectrum of colonic le-
sions as various human colon neoplastic diseases including the ACF-adenoma-carcinoma sequence.
SphK1 has been reported to play a critical role in intestinal tumor formation in an ApcMincc (Min) 
mouse model.30 The Min mouse model was generated by random ethylnitrosourea mutagenesis. It
carries a nonsense mutation at codon 850 of the Apc gene leading to a truncatedc Apc polypeptidec
and is relevant to human familial adenomatous polyposis coli. Deletion of the SphK1 gene in Min 
mice resulted in profoundly suppressed adenoma size but not its incidence. These findings suggest
that SphK1/S1P signaling may play a pivotal role in inflammation and cancer.

Ceramidases
In the sphingolipid degradative pathway, ceramidases (EC 3.5.1.23) catalyze the hydrolysis of 

the N-acyl group of ceramide to yield sphingosine and fatty acids. Ceramidases have traditionally NN
been classified according to the pH range (acid, neutral, or alkaline) that supports their optimal
activity.

Acid Ceramidase
An acid ceramidase is encoded by the Asah1 gene.31-33 Mutations in the corresponding hu-

man gene cause Farber disease, a lysosomal storage disorder that results in the accumulation of 
ceramide. To date, 17 different mutations in the acid ceramidase gene have been found in people
with Farber disease.31,32,34-36

An acid ceramidase-null mouse model was created and homozygosity for the mutant allele 
led to an early, embryonic lethal phenotype before E8.5.37 Acid ceramidase homozygous embryos
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could not survive beyond the 2-cell stage and underwent apoptotic death, suggesting that acid
ceramidase is essential for embryo survival, removing ceramide from the newly formed embryos
and preventing the default apoptosis pathway.38

Neutral Ceramidase
A neutral ceramidase in mice is encoded by the Asah2 gene.39-41 Orthologous genes have been

identified in human,42 rat,43 zebrafish,44 Drosophila45 and bacteria.46 The neutral ceramidase has been 
identified as a Type II integral membrane protein that can be cleaved to yield a soluble secreted 
protein.47 The enzyme has also been found in the apical membranes of proximal and distal tubules, 
collecting ducts of kidney, endosome-like organelles of hepatocytes43 and in the epithelia of the
jejunum and ileum,41,48 suggesting possible diverse physiological functions.

A complete null mouse for neutral ceramidase has been created by Dr. Proia’s group.49 It has
been shown that neutral ceramidase-null mice are viable with a normal life span with no obvious
abnormality. Neutral ceramidase-null mice are deficient in the intestinal degradation of ceramide,
suggesting that neutral ceramidase is important for the catabolism of dietary sphingolipids and
regulation of bioactive sphingolipid metabolites in the intestinal tract.

Sphingomyelinases (SMase) and Sphingomyelin Synthases (SMS)
Sphingomyelin is ubiquitously present in eukaryotic cells distributed in a gradient fashion 

from membranes of the endoplasmic reticulum, Golgi apparatus and lysosomes to the plasma 
membrane, which contains 70-90% of total cellular sphingomyelin. Sphingomyelinases (SMase, 
EC 3.1.4.12), which have been implicated in important and diverse cellular functions, catalyze 
the hydrolysis of sphingomyelin to ceramide and phosphocholine and are characterized by their
optimal pH into acid, neutral and basic SMase species.50,51

On the other hand, sphingomyelin is synthesized by sphingomyelin synthase (SMS), which 
transfers the phosphorylcholine moiety from phosphatidylcholine onto ceramide, producing 
sphingomyelin and diacylglycerol.52 SMS is implicated in NF-�B activation mediated by TNF-�
and phorbol ester using cell culture systems.53

Acid Sphingomyelinase (ASMase)
The cellular glycoprotein acid sphingomyelinase (ASMase) has been shown to be located in

the acidic lysosomal compartment and contributes to lysosomal sphingomyelin turnover.54 The 
cDNA and gene encoding ASMase (designated sphingomyelin phosphodiesterase 1, SMPD1) were
cloned in 1989 and 1992, respectively.55,56 In humans, an inherited deficiency of ASMase activ-
ity results in Type A and B forms of Niemann-Pick disease.57,58 More than 300 Niemann-Pick 
disease cases and a dozen distinct mutations in the ASMase gene have been reported. A mouse
model of Niemann-Pick disease Type A has been generated by targeted disruption of the ASMase
gene.59 These ASMase-null (ASM KO) mice mimic the human disease phenotype inasmuch as 
they die by 8 months-of-age, display ataxia and tremors and show visceral symptoms similar to 
those observed in human patients. Recent evidence for the involvement of ASMase in mem-
brane reorganization suggests that neurons from ASM KO mice have elevated sphingomyelin 
in detergent-resistant membrane microdomains, leading to an aberrant distribution of glycosyl 
phosphatidyl inositol-anchored proteins.60 In addition, ASMase plays a role in cerebral ischemia.
In wild-type, but not ASM KO mice, an experimental model of transient focal cerebral ischemia 
resulted in neuronal increases in ASMase, ceramide and the production of inflammatory cytokines. 
Wild type mice also had larger infarct size and worse behavioral outcomes than ASM KO mice.61

Interestingly, increased lung ceramide was reported in cigarette-smoking patients with emphysema,
so ceramide may be involved in disease prevention.62 In addition, a recent paper described that 
membrane ceramide levels were elevated in respiratory tissue from two different cystic fibrosis 
mouse models and patients with cystic fibrosis. ASM heterozygous KO mice with a cystic fibrosis 
transgene or under pharmacological ASMase inhibition were more resistant to Pseudomonas and 
their baseline pulmonary inflammation was decreased,63 suggesting reduced ASMase inhibited 
Pseudomonas infection and increased survival in cystic fibrosis mice. Interestingly, Pseudomonas
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infection has been shown to be more lethal in ASM homozygous KO mice than in wild type mice,
likely due to reduced bacterial internalization caused by an inability to form ceramide-enriched 
microdomains.64 ASMase plays a key role in stress-induced apoptosis. Among a variety of other
functions, p53 is required for many cells to enter apoptosis after a lethal DNA-damaging dose of 
ionizing irradiation. In the thymus of p53-null mice, apoptotic cells were dramatically reduced 
in ASM KO mice. In the small intestine of p53-null mice, a significant amount of apoptotic en-
dothelial cells were observed after irradiation, an event not observed in ASM KO mice, suggesting 
that ASM KO mice were protected from gastrointestinal tract syndrome (fatal bleeding into the 
gastrointestinal tract after irradiation).65

Neutral Sphingomyelinase (nSMase) 1/2
Two mammalian neutral sphingomyelinases have been identified: nSMase 1 and nSMase 2 (or 

in unigene nomenclature—SMPD2 and SMPD3, respectively). nSMase 1 is ubiquitously expressede
with the mRNA and protein being greatest in the kidney.66 nSMase 2, which has a different domain 
structure, is expressed mainly in brain.67

nSMase 1 deficient mice were generated in 2002.68 Interestingly, nSMase homozygous KO
mice are phenotypically normal and show neither lipid accumulation nor detectable changes in
sphingomyelin, despite a gross reduction of nSMase activity in all organs except in the central
nervous system.

Two lines of nSMase 2 (SMPD3)-deficient mice were generated: chemical-induced (fro/fro)
and targeted (KO) mice. The mutation, fragilitas ossium (fro), was discovered in a random-bred
stock of mice after treatment with the chemical mutagen tris(1-aziridinyl) phosphine-sulphine.69

The mutation in the mouse has been demonstrated to have clinical, radiographic and morphologic 
manifestations similar to those which arise in autosomal recessive forms of osteogenesis imperfecta 
occurring in humans.70 Recently, positional cloning results revealed that this mutation is a deletion
in Smpd3, the gene encoding nSMase 2 and nSMase activity was abolished in fro/fro mice.71 At 
birth, affected mice are smaller than normal with deformities and multiple fractures of ribs and 
long bones. Cartilage formation is normal, but the matrix of developing bones is severely under-
mineralized. Mortality is elevated in the perinatal period (up to 30%), but the condition stabilizes
in mutant mice that survive to weaning. Most fro/fro adults breed and have normal behavior and 
lifespan. In mutant mice, blood calcium is normal, parathyroid hormone is elevated and bone 
osteonectin is decreased by 30%. Severe tooth and alveolar bone abnormalities linked to impaired 
mineralization were also observed. Another line of nSMase 2 deficient mice was generated with a 
gene-targeting method.72 nSMase KO mice developed a dwarf phenotype with severe retardation 
of late embryonic and postnatal growth, a new hypothalamic form of combined pituitary hormone 
deficiency. These mice showed no sphingomyelin storage abnormalities, unlike nSMase 1 KO mice 
which exhibited massive sphingomyelin storage in lysosomes of the reticuloendothelial system.

Sphingomyelin Synthases (SMS)
Two SMS genes, SMS1 and SMS2, have been cloned and characterized for their cellular local-

izations.73,74 SMS1 is found in the trans-Golgi apparatus, whereas SMS2 is predominantly found
at the plasma membrane. Using cell culture systems, SMS1 has been implicated in the regulation 
of lipid raft sphingomyelin and raft functions, such as FAS receptor clustering,75 endocytosis and 
apoptosis.76 SMS2 homozygous KO mice were generated.77 SMS2 KO mice display no obvious 
abnormalities, grow into adulthood and breed normally in a conventional environment. Using 
macrophages extracted from these mice, SMS2 deficiency significantly attenuated NF-�B activa-
tion, suggesting that SMS2 is a modulator of NF-�B activation and may be important in inflam-
mation during atherogenesis.

S1P Lyase
S1P lyase catalyzes the final step of sphingolipid catabolism, namely the irreversible degrada-

tion of S1P. The human S1P lyase gene, S1P lyase 1 (SGPL1), encodes a protein of 568 amino
acids with a molecular weight of 63.5 kDa.78 The murine ortholog carries the same name and its 
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amino-acid sequence is 84% identical and 91% similar to the human S1P lyase. In mice and rats, 
S1P lyase activity and expression are highest in the small intestines, colon, thymus and liver and 
lowest in the heart and brain, with the exception of the olfactory mucosa epithelium, where the 
enzyme is highly enriched.79,80 Inhibition of S1P lyase was shown to prevent lymphocyte trafficking 
by disrupting S1P gradients in blood and tissues, demonstrating that S1P lyase can significantly 
effect S1P signaling.81 In contrast, S1P lyase expression promotes apoptosis in human cells.82 It has
been also found that S1P lyase is down-regulated in human colorectal cancers and in ApcMin mouse
intestinal polyps, suggesting that S1P lyase loss of function may correlate with and/or contribute
intestinal carcinogenesis.83 Homozygous S1P lyase KO mice do not survive beyond 3-4 weeks 
after birth and they show significant growth failure and anemia.84 Several congenital abnormali-
ties were reported, including vascular abnormalities, which lead to fatal hemorrhage and anemia;
skeletal defects, which involved improper palatal fusion; thoracic malformations of the sternum,
ribs and vertebrae; and renal abnormalities. These results suggest that S1P lyase may have a role in
the regulation of mammalian angiogenesis and other developmental processes.

The Other GEM for Sphingolipid-Related Enzymes
There are several GEM available for other important enzymes involved in the sphingolipid

pathway, namely dihydroceramide desaturase 1, ceramide galactosyltransferase, ceramide gluco-
syltransferase and ceramide kinase (CEK).

Mice were generated lacking the gene for dihydroceramide desaturase 1 (Des1), which en-
codes the enzyme that converts metabolically inactive dihydroceramide into active ceramide.85

Homozygous KO pups have no detectable DES1 protein and much less ceramide, but dramatically 
more dihydroceramide than wild type or heterozygous littermates. The homozygous null mice
have incompletely penetrant lethality and surviving animals are small with a complex phenotype, 
including scaly skin and sparse hair, tremors, signs of growth retardation, including notably de-
creased mean body weight and length, total tissue mass, lean body mass, bone mineral content and 
density and liver dysfunctions (increased serum alkaline phosphatase, alkaline aminotransferase
and total bilirubin).

Galactocerebroside is synthesized by addition of galactose to ceramide in a single step with
UDP-galactose as the donor. The enzyme responsible for this reaction is UDP-galactose:ceramide 
galactosyltransferase. Mice lacking UDP-galactose:ceramide galactosyltransferase do not synthe-
size galactocerebroside or sulfatide, but they form myelin containing glucocerebroside, a lipid
not previously identified in myelin.86 These mice exhibit severe generalized tremoring and mild 
ataxia. With age, these mice develop progressive hindlimb paralysis and extensive vacuolation of 
the ventral region of the spinal cord.

Ceramide kinase (CEK) phosphorylates ceramide to form ceramide-1-phosphate. CER ho-
mozygous KO mice are viable and CER activity is completely abolished in these mice.87 Neutrophils
are strikingly reduced in the blood and spleen of CER homozygous KO mice and they develop 
more severe Streptococcus pneumoniae infections.e

Glucosylceramide (GSL), the core structure of the majority of glycosphingolipids, is synthe-
sized on the cytoplasmic face of the Golgi by glucosylceramide (GSL) synthase via the transfer 
of a glucose residue from UDP-glucose to ceramide.88 Dr. Proia’s group has disrupted the gene 
(Ugcg) encoding GSL synthase.gg 89 Disruption of GSL synthase causes embryonic lethality begin-
ning about E7.5 with complete resorption of the embryo by E9.5 due to enhanced apoptosis in 
the ectoderm during gastrulation.

Conclusion
The past 20 years have witnessed tremendous progress in the field of sphingolipids, which 

has been made by the recent development of mass spectrometry coupled to synthesis of internal
standards and development of gene targeting approaches, such as the KO mouse and RNA inter-
fering techniques. KO mice phenotypes suggest multiple disease-related genetic and therapeutic
possibilities involving the sphingolipid pathway and these mice are instrumental in analyzing 
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biological functions. Further studies with stress-induced models such as carcinogenesis models
with genetically engineered mice could better elucidate roles of sphingolipid pathways in disease
and aid in identifying and validating involved enzymes and mechanisms for further therapies.
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Abstract

An important metabolite of ceramide is ceramide-1-phosphate (C1P). This lipid second
messenger was first demonstrated to be mitogenic for fibroblasts and macrophages and
later shown to have antiapoptotic properties. C1P is also an important mediator of the

inflammatory response, by stimulating the release of arachidonic acid through activation of group 
IVA cytosolic phospholipase A2, the initial rate-limiting step of eicosanoid biosynthesis. C1P is
formed from ceramide by the action of a specific ceramide kinase (CerK), which is distinct from 
the sphingosine kinases that synthesize sphingosine-1-phosphate. CerK is specific for natural ce-
ramides with the erythro configuration in the base component and esterified to long-chain fatty 
acids. CerK can be activated by different agonists, including interleukin 1-beta, macrophage colony 
stimulating factor, or calcium ions. Most of the effects of C1P so far described seem to take place 
in intracellular compartments; however, the recent observation that C1P stimulates cell migration 
implicates a specific plasma membrane receptor that is coupled to a Gi protein. Therefore, C1P
has a dual regulatory capacity acting as an intracellular second messenger to regulate cell survival,
or as extracellular receptor ligand to stimulate chemotaxis.

Introduction
Normal development of an organism requires the intervention of complex biological processes 

that are strictly regulated to maintain cell and tissue homeostasis. These include systems to control
cell growth and survival, as well as mechanisms to prevent disease. Alteration of any of these pro-
cesses can lead to metabolic dysfunction or cause illnesses such as autoimmune diseases, chronic
inflammation, neural degeneration, cardiovascular disorders, or cancer.1-3

Many sphingolipids are crucial metabolites to control cell activation. Some of them have been
described as key regulators of signal transduction processes that are essential for normal develop-
ment. In particular, ceramides inhibit cell growth and are potent inducers of apoptosis, a form of 
programmed cell death.4-17 In neurons however, the situation is controversial as ceramides have
been shown to promote either apoptosis or cell survival.18-22 Also, ceramides play important roles 
in the regulation of cell differentiation, survival and inflammation9,13,15,23-28 and are key mediators
of radiation and chemotherapy effects on tumors, bacterial and viral infections, heat or UVA injury 
and ischemia-reperfusion injury (Reviewed by Gulbins and Kolesnick29). In addition, ceramides 
have been associated with insulin resistance through activation of protein phosphatase 2A and 
the subsequent dephosphorylation and inactivation of protein kinase B (PKB).30-32 By contrast,
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sphingosylphosphorylcholine,33 sphingosine-1-phosphate (S1P)8,34-37 and ceramide-1-phosphate
(C1P)24,38-40 are potent stimulators of cell proliferation. As mentioned in previous chapters of this 
book, ceramides are generated by de novo synthesis, or can be produced by the action of different
sphingomyelinases (SMases). Details on SMase activities, enzymology and compartmentalization
are reviewed in several chapters included in this book. Natural ceramides typically have long N-acyl NN
chains ranging from 16 to 26 carbons in length7,43,44 and some times longer in tissues such as skin.
Many studies have used a short-chain analog (N-acetylsphingosine, or C2-ceramide) in experiments 
with cells in culture because it is more water soluble than long-chain ceramides and it has been
presumed that this compound did not occur in vivo. However, recent studies demonstrated that
C2-ceramide does exist in mammalian tissues. In particular, C2-ceramide was found in rat liver 
cells45,46 and brain tissue.46

Formation of ceramide is also relevant because it is the precursor of important bioactive sphin-
golipids that can also regulate cellular functions. For instance, stimulation of ceramidases results in 
generation of sphingosine (Fig. 1), which is a physiological inhibitor of protein kinase C (PKC).14

There are numerous reports showing that PKC is inhibited by exogenous sphingosine and Merrill
and coworkers demonstrated that addition of the ceramide synthase inhibitor fumonisin B1 to
J774 macrophages to increase the levels of endogenous sphingoid bases, also inhibited protein 
kinase C.47 Sphingosine can control the activity of other key enzymes involved in the regulation 
of metabolic or cell signaling pathways such as the Mg2gg � dependent form of phosphatidate phos-
phohydrolase,48,49 phospholipase D (PLD),50 or diacylglycerol kinase (DAGK)51,52 in different cell
types. Sphingosine, in turn, can be phosphorylated by the action of sphingosine kinases to generate
S1P, which is a potent mitogenic agent and can also inhibit apoptosis in many cell types.8,34,35,37,53,54

More recently, it was demonstrated that S1P stimulates cortisol55 and aldosterone secretion56 in 
cells of the zona fasciculata and zona glomerulosa, respectively, implicating S1P in the regulation 
of steroidogenesis.

A major metabolite of ceramide is ceramide-1-phosphate (C1P), which is generated through
direct phosphorylation of ceramide by ceramide kinase (CerK) (Fig. 1). There is increasing evidence 
suggesting that C1P can regulate cell proliferation and apoptosis (Reviewed in refs. 24, 38) and 
the Chalfant laboratory group demonstrated that C1P is a key factor in inflammatory responses 
(Reviewed in refs. 57, 58). In addition, C1P plays a key role in phagocytosis (please see chapter by 
Hinkovska-Galcheva et al).59,60 The aim of the present chapter is to review recent progress related
to the control of cell survival and the inflammatory response by C1P.

Ceramide-1-Phosphate Synthesis and Degradation
The only enzyme so far identified to produce C1P in mammalian cells is ceramide kinase (CerK). 

CerK was first observed in brain synaptic vesicles61 and later found in human leukemia HL-60
cells.11 This activity was first reported to be confined to the microsomal membrane fraction, but 
has also been reported to be mainly located in the citosol.62 These discrepancies might be due to 

Figure 1. Biosynthesis of sphingosine 1-phosphate and ceramide-1-phosphate.
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different degrees of enzyme expression in different cell types and it may also be possible that 
subcellular localization of this enzyme changes depending on the metabolic status of cells. In 
fact, Van Veldhoven’s group found that tagged forms of human CerK (FLAG-HsCerK and
EGFP-HsCerK fusions), upon expression in Chinese Hamster Ovary (CHO) cells, were mainly 
localized to the plasma membrane, whereas no evidence for an endoplasmic reticulum (ER) associa-
tion was found.63 These findings agree with those of Boath et al64 who have recently reported that
ceramides are not phosphorylated at the ER but must be transported to the Golgi apparatus for
phosphorylation by CerK. Once generated, C1P traffics from the Golgi network along the secretory 
pathway to the plasma membrane, where it can be back-exchanged into the extracellular milieu and 
then bind to acceptor proteins such as albumin or lipoproteins.64 These observations are consistent 
with those of Chalfant laboratory;65 using mass spectrometry and confocal microscopy, Lamour 
and coworkers demonstrated that CerK utilizes ceramide transported to the trans-Golgi apparatus
by ceramide transport protein (CERT). Downregulation of CERT by RNA interference resulted 
in strong inhibition of newly synthesized C1P, suggesting that CERT plays a critical role in C1P 
formation. However, this observation has been recently challenged by Boat et al64 who reported
that the transport of ceramides to the vicinity of CerK is not dependent on CERT. The reason for
such discrepancy is unknown at present. However, whereas Lamour and coworkers used siRNA
technology in their studies to inhibit CERT,65 Boat et al utilized pharmacological inhibitors.64

Also, it might be possible that different cell types might have different subcellular distribution of 
CerK and that expression of this enzyme may not be equal in all cell types. Concerning regulation
of enzyme activity, besides its ability to move intracellularly from one compartment to another
and its dependency on cations (mainly Ca2� ions) for activity, CerK was proposed to be regulated
by phosphorylation/dephosphorylation processes.66 In addition, CerK is myristoylated, a feature 
that is related to targeting proteins to membranes. However, elimination of myristoylation did not
affect the intracellular localization of the enzyme. Interestingly, CerK location and activity seem
to require the integrity of its PH domain, which includes the myristoylation site.66

Another important observations was that bone marrow-derived macrophages (BMDM) from
CerK-null mice (CerK-/-) still had significant levels of C1P, suggesting the existence of a metabolic 
pathway, other than ceramide/CerK, for generation of C1P.64 In particular, formation of C16-C1P, 
which is a major species of C1P in cells, was not abolished in BMDM. Two alternative pathways 
for generation of C1P in cells might be acylation of S1P by a putative acyl transferase, or cleavage
of sphingomyelin (SM) by activation of SMase D. However, work from our own lab39 and that of 
others64 demonstrated that acylation of S1P to form C1P does not occur in mammalian cells. In
addition, C1P could potentially be formed by the action of SMase D, which is a major component
of the venom of a variety of arthropodes including spiders of the gender Loxosceles (the brown 
recluse spider L. reclusa, L. amazonica, L. arizonica, L. intermedia, or L. laeta) and also in the 
toxins of some bacteria such as Corynebacterium pseudotuberculosis, or Vibrio damsela.67 Although 
we found no evidence for an analogous activity of SMase D when using rat fibroblasts,39 this pos-
sibility has not been exhaustively explored.

Human CERK was recently reported to be highly dependent on Mg2gg � ions and less dependent 
on Ca2�.63 This enzyme was cloned by Sugiura and coworkers.69 The protein sequence has 537 amino 
acids with two protein sequence motifs, an N-terminus that encompasses a sequence motif known 
as a pleckstrin homology (PH) domain (amino acids 32-121) and a C-terminal region containing 
a Ca2�/calmodulin binding domain (amino acids 124-433). Using site-directed mutagenesis, it was 
found that leucine 10 in the PH domain is essential for its catalytic activity.70 Also, it was shown
that interaction between the PH domain of CERK and phosphatidylinositol 4,5-bisphosphate
regulates the plasma membrane targeting and C1P levels.71

With regards to substrate specificity, it was reported that phosphorylation of ceramide by 
CERK is stereospecific.72 A minimum of a 12-carbon acyl chain was required for normal CERK 
activity, whereas the short-chain ceramide analogues C8-ceramide, C4-ceramide, or C2-ceramide
were poor substrates for CERK. It was concluded that CERK phosphorylates only the natu-
rally occurring D-erythro-ceramides.72 However, Van Overloops and coworkers46 reported that 
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C2-ceramide is a good substrate for CerK, when albumin is used as a carrier and that C2-ceramide
can be converted to C2-C1P within cells. This raises the possibility that C2-C1P is also a natural 
sphingolipid, capable of eliciting important biologic effects, as previously demonstrated (i.e., 
stimulation of cell proliferation39). These observations suggest that substrate presentation is an
important factor when assaying CerK activity. The importance of CERK in cell signaling was 
highlighted using specific RNAi to downregulate this enzyme activity. This treatment inhibited
arachidonic acid (AA) release and PGE2 production in response to ATP, the calcium ionophore
A23187 and interleukin 1-�.57,73 The relevance of this enzyme in cell biology was also highlighted
in studies using CerK��� mice; specifically, Bornancin’s group found a potent reduction in the
amount of neutrophils in blood and spleen of these mice, whereas de amount of leukocytes, other 
than neutrophils, was increased in these animals. These observations pointed to an important role 
of CerK in neutrophil homeostasis.74

Recently, a human ceramide kinase-like (CERKL) enzyme was identified in retina75 and 
subsequently cloned.76 However, this enzyme was unable to phosphorylate ceramide, or other 
related lipids, under conditions commonly used to measure CERK activity and therefore its role
in cell biology is unclear.

In a previous report, Hinkovska-Galcheva et al60 observed that endogenous C1P can be gen-
erated during the phagocytosis of antibody-coated erythrocytes in human neutrophils that were
primed with formylmethionylleucylphenylalanine and more recently, the same group established
that C1P is a mediator of phagocytosis.59 It was also reported that C1P can be formed in neutrophils
upon addition of exogenous cell-permeable (3H)N-hexanoylsphingosine (CNN 6-ceramide) to cells77

and Riboni and coworkers78 demonstrated that C1P can be generated in cerebellar granule cells 
both from SM-derived ceramide and through the recycling of sphingosine produced by ganglioside
catabolism. C1P can be also generated by the action of interleukin 1-� on A549 lung adenocarci-
noma cells,73 or by M-CSF on bone marrow-derived macrophages79 and plays an important role in 
inflammation.57,73,80-83 We found that C1P is present in normal bone marrow-derived macrophages 
isolated from healthy mice84 and that C1P levels were substantially decreased in apoptotic mac-
rophages, suggesting that C1P plays an important role in cell survival.38,84

The identification of C1P phosphatase in rat brain85 and hepatocytes,86 together with the exis-
tence of CERK suggested that ceramide and C1P are interconvertible in cells. C1P phosphatase is 
enriched in brain synaptosomes and liver plasma membrane fractions and appeared to be distinct 
from the phosphatase that hydrolyzes phosphatidic acid (PA), PA phosphohydrolase. Nonetheless, 
C1P can also be converted to ceramide by the action of a PA phosphohydrolase that is specifically 
located in the plasma membrane of cells.87 The latter enzyme belongs to a family of at least three
mammalian lipid phosphate phosphatases (LPPs).88 LPPs have recently been shown to regulate cell
survival by controlling the levels of intracellular PA and S1P pools89 and also to regulate leukocyte 
infiltration and airway inflammation.90 Dephosphorylation of C1P might be a way of terminating 
its regulatory effects, although the resulting formation of ceramide could potentially be detrimental 
for cells. Controlling the levels of ceramide and C1P by the coordinated action of CERK and C1P 
phosphatases, may be of crucial importance for the metabolic or signaling pathways that are regulated
by these two sphingolipids. Another possibility for degradation of C1P might be its deacylation 
to S1P, which can then be cleaved to render a fatty aldehyde and ethanolamine phosphate by lyase
activity,4 or to sphingosine by the action of S1P phosphatases (Fig. 1). However, no C1P deacylase 
or lyase has so far been identified in mammalian cells.

Ceramide-1-Phosphate: A Key Regulator of Cell Growth and Survival
C1P was first found to have mitogenic properties in rat or mouse fibroblasts.39,40 Using primary 

macrophages, Gangoiti and coworkers found that like for most growth factors, the mechanisms
whereby C1P exerts its mitogenic effects implicate stimulation of the mitogen-activated protein
kinase kinase (MEK)/Extracellularly regulated kinases 1-2 (ERK1-2), phosphatidylinositol 3-kinase 
(PI3-K)/protein kinase B (PKB, also known as Akt) and c-Jun terminal kinase ( JNK) pathways.79 In
addition, C1P caused stimulation of the DNA binding activity of the transcription factor NF-�B.
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Another major target of PKB is glycogen synthase kinase-3� (GSK-3�), which expression was also 
increased by C1P. This led to up-regulation of cyclin D1 and c-Myc, two important markers of cell
proliferation that are targets of GSK-3�. Other effectors usually involved in the regulation of cell 
growth, such as diacylglycerol and subsequent activation of protein kinase C (PKC), phospholi-
pase D (PLD), intracellular calcium levels, or cAMP were not affected by C1P.39,40 However, the
short-chain analogues, C2-C1P- or C8-C1P, induced Ca2� mobilization in calf pulmonary artery 
endothelial (CAPE) cells,91 thyroid FRTL-5,92 or Jurkat T-cells.93 By contrast, the short-chain C1Ps 
did not induce Ca2� mobilization in fibroblasts39,40 or neutrophils77 and natural C16-C1P failed to 
alter intracellular Ca2� concentrations in A549 cells.80 Whether or not natural C1P is able to affect
Ca2� homeostasis in any cell type still remains to be determined.

We previously demonstrated that natural C1P blocked cell death in bone marrow-derived mac-
rophages that were incubated in the absence of macrophage-colony stimulating factor (M-CSF),84

a condition known to induce apoptosis in these cells.94,95 We found that C1P blocked both DNA
fragmentation and the stimulation of the caspase-9/caspase-3 pathway, thereby suggesting that the
prosurvival effect of C1P was due to inhibition of apoptosis.84 Consistent with these observations, 
Mitra and coworkers96 found that down-regulation of CerK in mammalian cells reduced growth,
promoted apoptosis and blocked epithelial growth factor-induced cell proliferation. In addition,
C1P was reported to induce the synthesis of S1P,92 an important pro-mitogenic and anti-apoptotic 
sphingolipid metabolite. However, contrary to these observations, Graf and coworkers showed that
addition of the cell permeable C2-ceramide to cells overexpressing CerK led to C2-C1P formation
and apoptosis.97 Indeed, overexpression of CerK would potently increase formation of intracellular 
C1P, particularly if cells were supplied with high concentration of exogenous ceramide and this
would result toxic for cells. In this context, we reported previously that relatively high concentra-
tions of C2-C1P are less effective at stimulating cell division39 or inhibiting apoptosis84 than low 
concentrations and that C2-C1P or natural C1P are toxic for cells at high concentrations.84

Another relevant finding was that apoptotic bone marrow-derived macrophages posses high 
acid SMase activity and high levels of ceramides compared to healthy cells.95,98 Investigation into
the mechanism whereby C1P exerts its anti-apoptotic effects demonstrated complete inhibition
of acid SMase and ceramide accumulation by C1P in intact macrophages.84 C1P also blocked the 
activity of acid SMase in cell homogenates suggesting that inhibition of this enzyme occurs by direct
physical interaction with C1P. The concentrations of C1P needed to fully block SMase activity in
intact cells were in the micromolar range (30 	M);84 however, only 4% of C1P was incorporated
by cells.40 It was concluded that C1P is a natural inhibitor of acid SMase and that inhibition of this 
enzyme activity is a major mechanism whereby C1P promotes cell survival.84 Also, this observation
suggests that inhibition of acid SMase by C1P is not mediated through receptor interaction. Acid
SMase was also inhibited by S1P in intact macrophages,98 but unlike C1P the inhibitory effect of 
S1P did not involve direct interaction with the enzyme. Also of interest, activation of acid SMase
plays an important role in pulmonary infections as it facilitates internalization of bacteria into
lung epithelial cells.29 Therefore, inhibition of acid SMase by C1P could be important to reduce or 
prevent infection in the lung. Recent work by Granado and coworkers (unpublished work) showed 
that ceramide levels are also increased in apoptotic alveolar NR8383 macrophages. There was 
only marginal activation of neutral and acidic SMases, suggesting a different source for ceramide 
formation in these cells. Investigation into the mechanism whereby ceramide levels increased in 
alveolar macrophages revealed that activation of serine palmitoyltransferase (SPT), the key regu-
latory enzyme of the de novo pathway of ceramide synthesis, was a major factor in this process. 
Interestingly, inhibition of SPT activation by treatment with C1P prevented the macrophages
from entering apoptosis. It can be concluded that C1P promotes macrophage survival by blocking 
ceramide accumulation through inhibition of either SMases, or SPT, depending on cell type.

The physiological relevance of the prosurvival effect of C1P is underscored by the demonstra-
tion that intracellular levels of C1P are substantially decreased in apoptotic macrophages. It was 
hypothesized that the decrease in C1P concentration could result in the release of acid SMase from
inhibition, thereby triggering ceramide generation an apoptotic cell death.84
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A major mechanism whereby growth factors promote cell survival is activation of 
phosphatidylinositol 3-kinase (PI3-K), which can lead to stimulation of the transcription factor 
NF-�B and expression of antiapoptotic genes. Using two different experimental approaches, it
was demonstrated that PI3-K was a target of C1P in bone marrow-derived macrophages.99 PI3-K 
activation was demonstrated by immunoprecipitation of the enzyme from whole cell lysates
and assayed in vitro using 32P-phosphatidylinositol. In addition, an in vivo approach provided
evidence of phosphatidylinositol (3,4,5)-trisphosphate (PIP3) formation in intact cells that were
prelabeled with 32P-orthophosphate.99 PIP3 is a major product of PI3-K activity and was shown
to directly inhibit acid SMase.100 Therefore, PI3-K activation may potentiate the inhibitory effect 
of C1P on acid SMase through generation of PIP3. Whether C1P and PIP3 bind to the same or
different domains of acid SMase remains to be elucidated. C1P stimulated the phosphorylation of 
protein kinase B (PKB), which is a target of kinases from different signaling pathways including 
PI3-K,101,102 cAMP or cAMP-dependent protein kinase (PKA)103,104 and PKC-�.105 C1P-induced
phosphorylation of PKB was sensitive to inhibition by wortmannin or LY294002, which are inhibi-
tors of PI3-K activity. These two inhibitors also blocked the prosurvival effect of C1P indicating 
that PKB is downstream of PI3-K in macrophages and important for the antiapoptotic effect of 
C1P.99 Another relevant finding was that C1P caused I�B phosphorylation and stimulation of 
the DNA binding activity of NF-�B in primary cultures of mouse macrophages.99 Of note, C1P
up-regulated the expression of anti-apoptotic Bcl-XL, which is a downstream target of NF-�B. The
latter results provided the first evidence for a novel biological role of natural C1P in the regulation 
of cell survival by the PI3-K/PKB/NF-�B pathway in mammalian cells.99

As mentioned above, C1P can be metabolized to ceramide by phosphatase activity and then 
further converted to sphingosine and S1P by ceramidases and sphingosine kinases. Therefore, it
could be speculated that the effects of C1P might be mediated through C1P-derived metabolites.
However, ceramides and C1P are antagonistic signals and C1P is unable to mimic many of the
effects of sphingosine or S1P (i.e., PLD activation, adenylyl cyclase inhibition, or Ca2� mobiliza-
tion).24,39,40,106,107 Also, ceramides can decrease the expression of Bcl-XL,57 whereas C1P causes its 
up-regulation.99 Finally, no ceramidases capable of converting C1P to S1P have so far been identified
and S1P and C1P inhibit acid SMase by different mechanisms.84,98 Therefore, it can be concluded
that C1P acts on its own right to regulate cell functions.

It is obvious from the above observations that the activity of the enzymes involved in ceramide 
and C1P metabolism must be strictly regulated so that cells can maintain appropriate levels of 
pro- versus anti-apoptotic metabolites. Any alteration in the balance between ceramides and C1P
could potentially result in disease, or be fatal for cells. Detailed investigation into the mechanisms
controlling ceramide and C1P levels may facilitate the development of new molecular strategies 
for counteracting metabolic disorders, or for prevention and treatment of disease.

Ceramide-1-Phosphate and the Control of Inflammatory Responses
Initially, inflammation is beneficial for protecting the organism against infection or injury, but

it can be detrimental when it becomes out of control. It was proposed that inflammation evolved 
as an adaptive response for restoring homeostasis. In general, the acute inflammatory response trig-
gered by infection or tissue injury involves the coordinated delivery of blood components (plasma 
and leukocytes) to the site of injury or infection.108 Inflammatory mediators include chemokines, 
cytokines, vasoactive amines, products of proteolytic cascades, phospholipases, or lipids such
as eicosanoids and sphingolipids. Concerning phospholipases, a major mediator of inflamma-
tory responses is PLA2. In particular, group IV cytosolic PLA2 exhibits properties of a receptor 
regulated enzyme and has been involved in receptor-dependent and independent eicosanoid
production. With regards to lipid metabolites, some sphingolipids have been described as key 
mediators of inflammatory responses. This is the case of ceramide, which was initially described as 
pro-inflammatory for different cell types.109-112 More recently a role for ceramide in the development 
of allergic asthmatic responses and airway inflammation was established113 and exogenous addition
of C2-ceramide to cultured astrocytes induced 12-lipoxigenase leading to generation of reactive 
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oxygen species (ROS) and inflammation.114 Also, acid sphingomyelinase-derived ceramide was
involved in PAF-mediated pulmonary edema.115 Subsequently, it was proposed that at least some of 
the pro-inflammatory effects of ceramides may actually be mediated by its conversion to C1P. The 
first report on the regulation of arachidonic acid (AA) release and the production of prostaglandins 
by C1P was by the Chalfant laboratory.73 These authors demonstrated that C1P potently and
specifically stimulated AA release and prostanoid synthesis in A549 lung adenocarcinoma cells. In 
the same report, the authors showed that C1P could be generated intracellularly through stimula-
tion of CerK by the action of interleukin 1-�. In a later report, the same group demonstrated that 
the mechanism whereby C1P stimulates AA release occurs through direct activation of cPLA2.80

Subsequently, Subramanian and coworkers83 found that C1P is a positive allosteric activator of 
group IV cPLA2 and that it enhances the interaction of the enzyme with phosphatidylcholine.
The authors concluded that C1P may function to recruit cPLA2� to intracellular membranes and
that it allosterically increases the catalytic ability of the membrane-associated enzyme.83 Recent 
studies by Chalfant and coworkers also demonstrated that activation of group IV cPLA2 by C1P 
is chain length-specific; in particular, C1P bearing acyl chains equal or higher than 6 carbons were 
able to efficiently activate cPLA2� in vitro, whereas shorter acyl chains (in particular C2-C1P)
were unable to activate the enzyme. It was concluded that the biological activity of C2-C1P does 
not occur via eicosanoid synthesis.116 Also, C1P was shown to act in coordination with S1P to 
ensure maximal production of prostaglandins. Specifically, S1P induces cyclooxigenase-2 (COX-2)
activity, which then uses cPLA2-derived AA as substrate to synthesize prostaglandins.81 For details
on the role of C1P in inflammatory response the reader is referred to elegant reviews by Lamour
and Chalfant;65 Wijesinghe et al117 and Chalfant and Spiegel.57 Lastly, it should be pointed out 
that C1P is also involved in other inflammation processes including stimulation of phagocytosis
in neutrophils59,60 and activation of degranulation in mast cells.62

Ceramide-1-Phosphate Mediates Macrophage Migration
Macrophages are an important component of both innate and adaptive immunity. They are 

also involved in a number of chronic diseases characterized by unregulated chronic inflammation,
such as autoimmune diseases, atherosclerosis,118 or multiple sclerosis119 and in tumor progression 
and metastasis.120 Macrophage populations in tissues are determined by the rates of recruitment
of monocytes from the bloodstream into the tissue, the rates of macrophage proliferation and
apoptosis and the rate of macrophage migration or efflux. Recently, our group demonstrated 
that exogenous addition of C1P to cultured Raw 264.7 macrophages induced cell migration.121

This action could only be observed when C1P was applied exogenously and not by increasing the 
intracellular levels of C1P (i.e., through agonist stimulation of CerK). This fact led us to identify 
a specific receptor through which C1P stimulates chemotaxis. This is a low affinity receptor with
a Kd of approximately 7.8 	M. Although relatively high concentrations (10-20 	M) of C1P are 
needed for optimal activation of the receptor, it should be borne in mind that C1P was added
forming vesicles (sonicated in water) and therefore the concentration that was actually available 
to the cells was much lower than was added. In addition, C1P tightly binds to serum proteins and 
the bovine serum albumin that are present in the culture medium (at 0.2 and 0.1 %, respectively) 
making C1P even less available to the cells. The C1P receptor is coupled to Gi proteins and causes 
phosphorylation of ERK1-2 and PKB upon ligation with C1P. It was found that inhibition of 
either of these pathways completely abolished C1P-stimulated macrophage migration. In addition, 
C1P stimulated the DNA binding activity of NF-�B and blockade of this transcription factor 
resulted in complete inhibition of macrophage migration. These observations suggested that MEK/
ERK1, PI3-K/PKB (Akt) and NF-�B are crucial components of the cascade of events leading to 
stimulation of cell migration by C1P. It can be concluded that this newly identified receptor could
be an important drug target for treatment of illnesses that are associated to inflammatory processes, 
or to diseases in which cell migration is a major cause of pathology, as it occurs in atherosclerosis or
in metastatic tumors. Recently, a C1P analogue named phosphoceramide analogue-1 (PCERA-1)
did not block activation of NF-�B in Raw 264.7 macrophages and was suggested to have
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anti-inflammatory properties. The anti-inflammatory activity of PCERA-1 seems to be mediated
by a cell membrane receptor that seems to be distinct to the C1P receptor. This compound, or
some of its derivatives, may result in promising tools for blocking inflammation.122

Conclusion
In light of the pro-survival and pro-inflammatory actions of C1P, the enzyme responsible 

for C1P formation, CerK, might be an important target for development of novel therapeutic
compounds for treatment of inflammatory illnesses, including atherosclerosis or tumorigenesis. 
Overexpression of cPLA2 , a major target of C1P, has been observed in several human cancers and
downregulation of this enzyme causes reduction in the size of tumors. Blockade of cPLA2 through
inhibition of C1P formation might have similar effects as knocking down cPLA2, thereby causing 
a reduction of AA release and prostanoid formation. Further characterization and cloning of the
newly identified C1P receptor may provide the means for development of new pharmacological
tools for treatment of these illnesses. A working model for the action of C1P is highlighted in
Figure 2.
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Figure 2. Working model for the induction of cell survival and inflammatory responses by
ceramide-1-phosphate.
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Abstract

Sphingolipids are well established sources of important signaling molecules. For example, 
ceramide (Cer) has been described as a potent inhibitor of cell growth and inducer of 
apoptosis. In contrast, ceramide-1-phosphate (C1P) has been reported to have mitogenic 

properties and to inhibit apoptosis. Our understanding of the distinct biological roles of C1P in 
the regulation of DNA synthesis, inflammation, membrane fusion and intracellular Ca2� increase
has rapidly expanded. C1P is a bioactive sphingolipid formed by the phosphorylation of ceramide
catalyzed by ceramide kinase (CERK). This chapter specifically focuses on the role of C1P in
phagocytosis and Ca2� homeostasis. Studies of the metabolism of C1P during phagocytosis, may 
lead to a better understanding of its role in signaling. Potentially, the inhibition of CERK and
C1P formation may be a therapeutic target for inflammation.

Ceramide-1-Phosphate in Phagocytosis
The clearance of pathogens by the phagocytosis of opsonized, infectious agents is a vital

biological process that is part of the innate immune system.1 Phagocytosis is usually triggered
by the interaction of target-bound opsonins with specific receptors on the surface of phagocytes.
These receptors include the Fc receptors (FcRs), which bind to the Fc portion of immuno-
globins2 and the complement receptors,3 which bind to the complement deposited on targets.
FcRs recognize the Fc portion of immunoglobins and are expressed differentially on many cell
types of the immune system.1 Receptors for IgG (Fc�R), IgE (Fc�R) and IgA (F�A) have been
characterized.1 There are three classes of Fc�Rs: Fc�RI, Fc�RII and Fc�RIII. Each class consists
of several receptor isoforms that are the product of different genes and splicing variants.2 The
interaction of FcRs with their immunoglobulin ligands triggers a series of leukocyte responses
that include phagocytosis, the respiratory burst, antibody-dependent cell mediated cytotoxicity,
the release of pro-inflammatory mediators and the production of cytokines.1,4 The activation of 
these receptors leads also to a reorganization of the plasma membrane that profoundly affects
the function of phagocytes. The plasma membrane forms pseudopods that extend around an
extracellular particle followed by fusion to form a membrane-bounded intracellular vesicle,
termed the phagosome. As the process of phagocytosis proceeds, cytoplasmic granules fuse with 
the phagosome membrane to deliver hydrolytic and antibacterial enzymes to the phagosome.5

Phagolysosome formation requires an increase in intracellular Ca2� and in addition to the re-
cruitment of a complex containing docking and fusion proteins.6,7 In contrast to apoptotic cells, 
Fc receptor-mediated phagocytosis of micro-organisms is often associated with a robust inflam-
matory response. Recently it has been shown that in immune cells, sphingolipid metabolism



132 Sphingolipids as Signaling and Regulatory Molecules

triggered by phagocytosis results in the formation of several lipid second messengers, including 
ceramide (Cer), sphingosine, C1P and sphingosine-1-phosphate (S1P).8 It has been observed 
that the sphingolipid Cer is generated coincident with the termination of the respiratory burst
and phagocytosis. Furthermore, the addition of cell-permeable ceramide blocks oxidant release
and Fc-mediated phagocytosis.9 In related work, ceramide kinase (CERK) has been identified 
as a central enzyme that regulates the levels of Cer via its phosphorylation to the bioactive 
sphingolipid metabolite, C1P.10

Ceramide kinase is a highly conserved lipid kinase, present in animals and plants,11,12 brain 
synaptic vesicles,13 human leukemia (HL-60) cells14 and primary neutrophils.10 The cDNA se-
quence for CERK was cloned by Sugiura and colleagues in 2002.11 hCERK encodes a protein
of 537 amino acids that has a catalytic region with a high degree of similarity to the glycerol
kinase catalytic domain. hCERK also has a putative N-myristoylation site on its NH2 terminus 
followed by a pleckstrin homology domain (PH). The PH domain in its N-terminus is known
to bind the ��� subunit of heterotrimeric G-proteins,15 phosphoinositol-4,5-bisphosphate16 and
phosphorylated tyrosine residues.17,18 Several studies have demonstrated that the PH domain 
may be an important regulatory site for CERK and is required for the proper localization of 
the enzyme in cells. CERK also contains a Ca2�/calmodulin (Ca2�/CaM) binding motif.19

Recently, Igarashi and colleagues demonstrated that the activation of CERK and the forma-
tion of its product, C1P, in response to an increased intracellular concentration of Ca2� were
dependent on CaM.20 Using calcium chelator BAPTA Boath demonstrated the dependence of 
CERK on Ca2� ions.21

The cloning of CERK also afforded the opportunity to examine, in addition to the structure,
the function of the enzyme and its product.11 C1P has been reported to have mitogenic effects22

and to mediate arachidonic acid release.23 In addition to cell growth, C1P has been found to
mediate various inflammatory responses, such as the translocation of cytosolic phospholipase
A2� (cPLA2�) to the Golgi apparatus and directly interacts with cPLA2� in vitro.24 Other studies 
have further documented a role of C1P as a mediator of Ca2�-dependent degranulation in mast 
cells25 and its important role in phagolysosome formation in polymorphonuclear leukocytes
(PMN) and Ca2� signaling.10,26

The signaling pathways involved in phagocytosis are determined by the activation state of the 
PMN, as well as by the type of agonist used for activation. Membrane fusion plays an important 
role in the degranulation process by creating a pathway by which granule contents have access 
to phagosomes or to the extracellular milieu. Using a cell-free fusion assay, Ca2� alone cannot
promote fusion between neutrophil granules and plasma membrane fractions.27 Therefore, 
other components must be required to bring about phagolysosomal formation, factors such as 
annexin, VAMP-2 and lipids.28 The existence of CERK activity in PMNs has been previously 
established.10 Calcium-dependent CERK is localized to both the PMN plasma membrane and
secretory vesicles based on colocalization with the plasma membrane marker HLA and with
the secretory vesicle marker latent alkaline phosphatase.10

The presence of CERK activity in brain synaptic vesicles and the plasma membrane of PMNs
led to the hypothesis that C1P may attenuate membrane charge, regulate vesicle transport, or
play a role in regulating the secretion of neurotransmitters by promoting the fusion of vesicle 
membranes.13 Phospholipid composition is known to play a significant role in membrane fuso-
genicity. Because phosphorylation of ceramide would produce an acidic phospholipid similar
to phosphatidic acid (PA), a lipid shown to be highly fusogenic,29 the role of C1P in phospho-
lipid-dependent vesicle fusion was examined in several studies. The addition of exogenous C1P
was shown to promote liposome fusion in a cell-free system.10 In mast cells, C1P formation is 
associated with Ca2�-dependent degranulation and that C1P formation is enhanced during 
activation induced by IgE-antigen complex or by the Ca2�-ionophore A23187.25 Exogenous 
introduction of CERK into permeabilized RBL-2H3 cells is also sufficient to cause degranula-
tion.25 Additionally a newly developed synthetic inhibitor of CERK efficiently inhibits mast
cell degranulation.30
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Both phagocytosis and degranulation require a membrane fusion step. The fusion of op-
posed membranes requires the destabilization of the membranes to render them susceptible
to fusion. This destabilization may result from the Ca2�-induced phase separation of rigid
(more ordered Lo) crystalline domains of acidic phospholipids (e.g., phosphatidic acid) within 
mixed lipid membranes.31 Fusion can be initiated between closely opposed membranes at the
boundaries between crystalline and the surrounding noncrystalline domains. Such boundaries 
represent structurally unstable points and thus offer focal points for the mixing of molecules
from opposed membranes. To establish whether C1P might contribute to such destabiliza-
tion, COS-1 cells expressing Fc�RIIA were employed. The overexpression of CERK in these
cells enhanced C1P generation and phagocytosis during activation with EIgG.32 Labeling 
these cells with Laurdan demonstrated a dramatic shift in emission during phagocytosis, 
corresponding to a distinct change in lipid-ordered structure (Fig. 1). The change in Laurdan
emission provides strong evidence of a lipid raft-like Lo domain in COS-1 cells at the site of 
phagosome formation.a

a Lo phase lipids have been observed in reconstructed lipid rafts using Laurdan.33 Dietrich C, 
Bagatolli L, Volovyk ZN, Thompson NL, Levi M, Jacobson K, Gratton E. Lipid rafts reconsti-
tuted in model membranes. Biophys J 2001; 80:1417-1428. The demonstration of Lo phase 
lipids in nontransformed cells has been limited to neutrophils at the site of the lamellipodium34

Kindzelski A, Sitrin R, Petty H. Cutting edge: Optical microspectrophotometry supports the
existence of gel phase lipid rafts at the lamellipodium of neutrophils: apparent role in calcium
signaling. J Immunol 2004; 172:4681-4685.

Figure 1. Lipid-ordered membrane domains in association with sites of phagocytosis in COS-1
cells expressing Fc�RIIA, Fc�RIIA/vector, Fc�RIIA/hCERK and Fc�RIIA/G198DhCERK. COS-1
cells were labeled with Laurdan. Regions 1, 3, 5 and 7 (panels A,C,E and G) correspond to 
membrane areas participating in phagocytosis. The Laurdan emission spectra for those regions
are denoted with the same numbers as shown below each micrograph. Fc�RIIA cells demon-
strated a 0-nm shift (panel B) and the cells treated with Fc�RIIA/vector demonstrated a �3-nm
shift (panel D). The Fc�RIIA/hCERK transfectants exhibited a shift in emission maximum of 
�37 nm (panel F) and Fc�RIIA/G198DhCERK-transfected cells (panel G) exhibited a shift in the
emission of 2.2�0.6-nm shift (panel H). Quantitatively, the calculated general polarization of 
membrane regions 1, 2, 3, 6 and 7 were (–0.030), region 8 was (–0.024), region 4 was (–0.016)
and membrane regions 5 was (�0.088). Fifteen separate spectra were averaged to generate
the spectra shown in panels B, D, F and H. The difference in both emission maximum and
general polarization was highly significant.
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Ceramide-1-Phosphate as a Regulator of Calcium Homeostasis
Calcium is a ubiquitous intracellular messenger, controlling a diverse range of cellular 

processes, such as gene transcription, muscle contraction, cell proliferation and apoptosis.35-37

Of importance to immunity, Ca2� waves have been observed in migrating polymorphonuclear 
leukocytes (PMN), fibroblasts and tumor cells.38,39 The level of intracellular Ca2� is determined
by a balance between the “on” reactions that introduce Ca2� into the cytoplasm and the “off ” 
reactions through which this signal is removed by the combined action of buffers, pumps and 
exchangers. Each cell type expresses a unique set of components for Ca2� signaling which create
Ca2�-signaling systems with different spatial and temporal properties.39 Calcium influx is medi-
ated through both Ca2� release from intracellular stores and Ca2� entry from the extracellular
environment. In the case of the latter, there are many different plasma membrane channels that
control Ca2� entry from the external medium in response to stimuli that include membrane 
depolarization, stretch, noxious stimuli, extracellular agonists, intracellular messengers and
the depletion of intracellular stores.39 The plasma membrane Ca2� channels can be divided into
several different types. Voltage operated channels (VOC) are employed largely by excitable
cell types such as muscle and neuronal cells where they are activated by plasma membrane 
depolarization. Receptor operated channels are structurally and functionally diverse channels 
found on secretory cells and nerve terminals. Small molecule operated channels are activated 
by a number of small messenger molecules, such as diacylglycerol40 and arachidonic acid.41 In 
addition to these more clearly defined channel-opening mechanisms, store operated channels 
are sensitive to a diverse array of stimuli. Many of these channels belong to the large transient 
receptor protein (TRP) ion-channel family, which are encoded by up to 29 different genes.42

The mammalian TRP superfamily of ion channels consists of voltage-independent, nonselec-
tive cation channels that are expressed in excitable and nonexcitable cells. The biologic roles of 
TRP channels are diverse and include vascular tone, thermo sensation, irritant stimuli sensing 
and flow sensing in the kidney. Growing evidence supports the notion that most cells possess 
different TRP channels (TRPCs) that are located in association with Ca2� stores where they 
are capable of functioning as Ca2�-release channels.40,43,44

It been established that members of a subgroup of closely related TRP channels 
(TRPC3/6/7) can be activated by diacyglycerol, a product of PLC activation.40,45,46 However 
another subgroup of TRP channels (TRPC1/4/5), although dependent on receptor-induced
PLC activation, are completely unresponsive to DAG,47 suggesting that different TRPC 
proteins may have different mechanisms of activation. Notably, recent data have shown that 
TRPC1 and TRPC5 can be activated by S1P.48 Sphingolipids, including sphingosine, S1P and 
sphingosylphosphorylcholine, have diverse effects on the regulation of intracellular free Ca2�

concentration in nonexcitable and excitable cells.49-51 C1P has emerged as a putative modula-
tor of cellular functions that are in part regulated by Ca2� signaling.52 Studies in the role of 
C1P in modulating Ca2� flux have produced somewhat controversial results. In some reports 
C1P did not modulate [Ca2�]i nor did it affect Ca2� mobilization in mouse fibroblasts;22,53-55

however, others have clearly shown that C1P enhanced store-operated Ca2� entry into thyroid
cells.26,56 The precise role of C1P in Ca2� signaling is therefore not yet well established and is
discussed in more detail below.

Gijsbers et al reported that C1P exogenously added in calf pulmonary artery endothelial
cells is more potent than S1P for causing a fast and transient intracellular rise in Ca2�.57 Colina 
et al showed that C1P increased intracellular Ca2� in Jurkat T-cells. In this study C1P elevated 
the concentration of InsP3, inducing the liberation of Ca2� from the endoplasmic reticulum, 
which in turn provoked the opening of a store operated Ca2� channel at the plasma membrane.58

Hogback et al59 reported that C1P evoked a concentration-dependent increase in [Ca]i, both 
in calcium-containing and calcium-free buffer in FRTL-5 cells. In this report, the effect of C1P 
was mediated, at least in part, by a pertussis toxin–sensitive G protein. The phospholipase C
inhibitor U73122 attenuated the effect of C1P. C1P invoked a small, but significant increase
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in inositol InsP3. However, the effect of C1P on Ca2� was not inhibited by Xestospongin C, 
2-aminoethoxydiphenylborate, or neomycin indicating independent activation of IP3R. The 
effect of C1P on Ca2� was potently attenuated by dihydrosphingosine and dimethylsphingosine,
two inhibitors of sphingosine kinase. This attenuation may be the result of the C1P evoked in-
crease in the production of intracellular S1P.59 C1P also induced Ca2� mobilization in GH4C1
rat pituitary cells, but indirectly, through voltage-operated Ca2� channels.57

Most studies to date have examined the mechanism of C1P by its exogenous addition to cells. 
The cloning of CERK provided a new tool to study the role of C1P in Ca2� signaling. Using 
COS-1 cells stably transfected with Fc�RIIA and hCERK, our laboratory previously showed 
that the activation of CERK with the concomitant accumulation of C1P altered Ca2� signaling 
near the phagosome and significantly promoted phagocytosis and phagolysosomal formation.26

EIgG-mediated ligation of Fc�RIIA leads to the accumulation of CERK and TRPC-1 within
lipid rafts, which are key sites associated with signal transduction. High-speed microscopy 
was used to study the contribution of CERK to phagosomal Ca2� signaling. The high-speed 
imaging indicated that Ca2� signaling in this model system occurs at “hot spots” that represent 
brief, but intense, Ca2� release events. These sites of enhanced Ca2� signaling are not random
but often repeat at the same spatial location. These Ca2� signaling “hot spots” exist for a period
of time (�100 ms) that is consistent with channel-gating times. The quantal Ca2� burst seen in
these studies at the pseudopods and phagosome membranes may represent Ca2� release at local 
regions of signaling (Fig. 2).26 It was shown previously in neutrophils that C1P is formed by a 
calcium-dependent CERK located in the plasma membrane during IgG-dependent phagocy-
tosis.10 Although CERK may participate in Ca2� signaling, the kinase does not directly mediate
Ca2� movement across cellular membranes. These studies suggest that TRPC-1 is a leading can-
didate for a potential signaling partner of CERK/C1P. The store operated Ca2� channel blockers 
CdCl2, CAI and SKF93365 significantly decreased the ability of COS-1 cells transfected with
hCERK to undergo Fc-mediated phagocytosis and phagolysosomal fusion.26 These findings
are consistent with the idea that store operated calcium channels, possibly mediated by TRP 
channels, are participants in phagocyte function. These findings are also consistent with the
previous findings that exogenously added C1P enhances store operated Ca2� entry56 and that
store operated calcium channels participate in phagocyte function in vivo and in vitro.25,60 To 
date the mechanism of CERK/C1P modulation of Ca2� signaling has not been determined.

A recent paper by Beech provides a brief and focused review of their latest findings that show 
that TRPC5 is a sensor of important signaling phospholipids including S1P.61 When Cav1.2 
channels are lost, there is no concomitant loss of Ca2� entry. Ca2� entry is instead enabled by 
other ion channels (TRPC), which are often resistant to therapeutic concentrations of Ca2�

antagonists and permeable to Na� and K� as well as Ca2�. In a screen of potential lipid regulators
of TRPCs, Xu et al identified S1P as an activator of TRPC5. Ion permeation involving TRPC5 
is crucial because S1P-evoked motility is also suppressed by the channel blocker 2-aminoethoxy-yy
diphenyl borate or a TRPC5 ion-pore mutant.48 Although TRP channels are structurally related 
to voltage-gated ion channels, they do not require depolarization in order to be active; instead
they are activated by several different endogenous chemical substances.

As regulation of entry of Ca2� and other cations through store operated Ca2� channels occurs 
in a number of cells, identifying TRP channels and their function has broad significance in a 
variety of states of cell activation. The regulation of TRPC1/TRPC5 may depend on different
lipids. S1P, which is suggested to have pivotal roles in mural cell recruitment during both vascular
development62 and atherosclerosis63 is a novel bipolar activator of the TRPC1/5 heteromulti-
meric channel. Blocking these channels could potentially be used for drug targeting.

At present, the manner in which C1P regulates Ca2� signaling is not firmly established. One
hypothesis is that the calmodulin binding motif could be responsible for the increase in Ca2�

signaling during activation of CERK. However, it has been shown that there is residual Ca2�

signaling after the deletion of this motif.20
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Figure 2. Analyses of high speed images. Differential interference contrast (DIC; column 1(A, 
G,M)) and fluorescence images (columns 2 through 6) are shown. A. Panels A-F denote a 
series of experiments using blue fluorescent beads. A single exposure of the flash-lamp yields 
a high quality image of the beads (B). A-F shows data which were obtained using the same 
excitation/emission filters and excitation flash as those used for the cells. When the beads
were exposed to a single 6 	sec. flash, the fluorescence image of Figure 2B was obtained. 
This image, suggests that the illumination field provided by the flash lamp was acceptable. 
Wavelet software is an important emerging technology and has many advantages including 
the ability to remove uncorrelated noise.64,65 Because the cell data utilize wavelet filtration 
for noise removal, the image of fluorescence beads was processed using this software for 
comparison. Wavelet transformation of the single frame in Figure 2B returned a very similar 
but somewhat sharper image (Fig. 2C). As the image was very clean, very little noise was
removed (Fig. 2D). If image stacks of 100 frames are summed of the raw or wavelet filtered 
images, essentially the same images are again returned (Figs. 2E and F, respectively). B. 
Panels G-L and M-R are comparable images for two different transfectants (G-L for Fc�RIIA 
transfected cells and M-R for Fc�RIIA/hCERK transfected cells). The result using a wavelet 
coefficient of 1 is shown in panel D. When 100 frames of a high speed series are summed,
the raw data and the wavelet filtered data yield matching results. Transfectants expressing 
only Fc�RIIA did not yield a definitive fluorescence signal (G-L). However, transfectants 
expressing Fc�RIIA/hCERK displayed a signal near pseudopods and phagosomes. As in-
dicated in the raw data of Figure 2N, two peri-phagosomal calcium signals were noted in 
this frame. After wavelet filtration of the data was performed to minimize the contribution 
of noise to this image, these same two regions were quite apparent in the filtered image
(Fig. 2O). A substantial component of the uncorrelated noise removed from the original raw 
image is shown in Figure 2P. To confirm that the wavelet-filtered single frame of Figure 2O 
was contained in the summed (long time scale) image, the 500 raw images were collapsed
into a single frame (Fig. 2Q) then compared with the filtered single frame (Fig. 2O). When 
the 500 wavelet-filtered images are collapsed onto a single frame, all of the significant sig-
naling areas represented in the summed raw data (Fig. 2Q) are represented in the summed 
wavelet-filtered image (Fig. 2R). Regions with noted repetitions throughout the sequence of 
500 images are indicated with arrows. Wavelet filtration indicated two particularly strong 
signals near the same target (wavelet coefficient  16). Much of the noise removed from the 
image is shown in panel 2P, which employed a wavelet coefficient of 2. These data indicate 
that CERK transfection leads to punctate Ca2� signaling events regions of signaling near targets 
at phagosomes or phagocytic cups.
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Conclusion
Sphingolipid-metabolizing enzymes control the dynamic balance of the cellular levels of the

bioactive lipid ceramide. C1P is a bioactive lipid which is extensively studied in inflammation.
Collectively, studies addressing the role of C1P in Ca2� signaling are limited and often their 
findings conflict. Recent findings from studies of the role of C1P in Ca2� signaling emphasize
the importance of discerning the mechanism of Ca2� signaling under different physiological
and pathological conditions. Data obtained from our model have provided the basis of our
hypothesis of phagocytosis-triggered cellular signaling, wherein EIgG-mediated ligation of 
Fc�RIIA leads to the activation of CERK and the subsequent accumulation of C1P. This leads 
to punctuate distribution of Ca2� release at pseudopods and the periphagosomal vicinity. The 
higher Ca2� signal observed in hCERK transfected cells as well as the fact that CERK colocal-
ized with EIgG during phagocytosis support our hypothesis that Ca2� signaling is an important 
factor for increasing phagocytosis and is regulated by CERK in a manner that likely involves
TRPCs (Fig. 3). Future studies will be required to focus on understanding the activation of 
different channels involved in these processes with the hope of elucidating the role of TRPC as 
lipid responsive ionotropic receptors.

Acknowledgements
We thank Robin G. Kunkel Department of Pathology for helping with the figures in the chapter. 

We want to thank AHA for the support (0930039N).

Figure 3. Proposed mechanisms of Ca2� entry in hCERK transfected COS-1 Cells. The roles of 
ceramide kinase (CERK) and ceramide-1-phosphate (C1P) in modulating Ca2� flux are contro-
versial. C1P may act through a store operated (SOC). Alternatively, C1P may mediate voltage
operated channels (VOC) or exert its effects through an increase in inositol-1,4,5-trisphosphate
(InsP3) levels. In the latter case InsP3 in concert with phosphatidylinositol-3-kinase (PI3K)
activation and a subsequent activation of InsP3 receptor (InsP3R)-operated Ca2� channels
from the endoplasmic reticulum (ER). Overexpression of hCERK results in the elevation of 
C1P during activation by opsonized erythrocytes (EIgG) and stimulates Ca2� entry through
SOC/TRPCs. PI(4,5)P2 Phosphatidylinositol-4,5-bisphosphate, PLC phospholipase C, TRPC,
transient potential channels.
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Abstract

Sphingosine-1-phosphate (S1P) is a bioactive lipid mediator with crucial roles in a wide 
variety of cellular functions across a broad range of organisms. Though a simple molecule
in structure, S1P functions are complex. The formation of S1P is catalyzed by one of two

sphingosine kinases that have differential cellular distributions as well as both overlapping and
opposing functions and which are activated by many different stimuli. S1P can act on a family of 
G protein-coupled receptors (S1PRs) that are also differentially expressed in different cell types, 
which influences the cellular responses to S1P. In addition to acting on receptors located on the
plasma membrane, S1P can also function inside the cell, independently of S1PRs. It also appears 
that both the intracellular location and the isotype of sphingosine kinase involved are major de-
terminants of inside-out signaling of S1P in response to many extracellular stimuli. This chapter 
is focused on the current literature on extracellular and intracellular actions of S1P.

Introduction
In just over a decade, the sphingolipid metabolite, sphingosine-1-phosphate (S1P), has emerged

as a key regulator of numerous physiological functions, including cell growth and survival, angio-
genesis, cell motility and migration and lymphocyte trafficking.1 S1P promotes cell growth and
inhibits apoptosis, while its precursors, ceramide and sphingosine, typically inhibit cell growth
and induce apoptosis.1 Therefore, the cellular balance of these three sphingolipid metabolites, the
“sphingolipid rheostat”, is of crucial importance in regulating cell fate.1 Moreover, sphingolipid 
metabolism has been found to be dysregulated in many human diseases, including cancer, inflam-
mation, atherosclerosis and asthma.2 S1P is produced intracellularly by two sphingosine kinases 
(SphK1 and SphK2) and is the ligand for a family of five G protein-coupled receptors, termed
S1P1-5. However, there are some actions of S1P that appear to be independent of the known S1PRs. 
This review will focus on the emerging evidence for S1P as a second messenger.

Sphingolipid Metabolism
Sphingolipids are ubiquitous components of the lipid bilayer of eukaryotic cells. Like glyc-

erolipids, numerous agonists regulate sphingolipid metabolism to generate signaling molecules,
including ceramide (N-acyl sphingosine), sphingosine and sphingosine-1-phosphate (S1P).1,3,4

Ceramide, the backbone of all sphingolipids, is produced both by de novo synthesis and by turn-
over of sphingolipids, such as hydrolysis of sphingomyelin by sphingomyelinases. It is important to 
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note that sphingosine is not produced de novo and is only formed by catabolism of sphingolipids. 
The 3-ketosphinganine formed is rapidly reduced to dihydrosphingosine, which is subsequently 
N-acylated by one of a family of six (dihydro)ceramide synthases (CerS, formerly referred to as
LASS) to form dihydroceramide, with the CerSs having differing but overlapping preferences 
for acyl chains from 16 to 26 carbons long. Finally, a 4-5 trans double bond is introduced in the
sphingoid base to produce ceramide. Ceramide is then trafficked from the ER to the Golgi, where 
a variety of head groups are added, forming sphingolipids. After removal of these head groups
during catabolism, deacylation of ceramide by ceramidases yields sphingosine, the most common 
sphingoid base in mammals. It is important to note that sphingosine and dihydrosphingosine
(sphinganine) are not produced de novo and are only formed by catabolism of sphingolipids. These
sphingoid bases can be re-utilized for complex sphingolipid biosynthesis or phosphorylated by two 
sphingosine kinases (SphK1 and SphK2) to form S1P. S1P can be degraded either by reversible
dephosphorylation to sphingosine by phosphatases, including lysosomal phosphatases, members
of the LPP family of lipid-specific phosphatases and two S1P-specific phosphatases, termed SPP1
and SPP2 (reviewed in 5), or degraded by irreversible cleavage to ethanolamine phosphate and 
hexadecenal by S1P lyase (SPL).6

Ceramide and sphingosine, the precursors of S1P, are important regulatory components of stress
responses, typically inducing growth arrest and apoptosis.3,4 In contrast, S1P has been implicated in
motility and cytoskeletal rearrangements, formation of adherens junctions, proliferation, survival, 
angiogenesis and the trafficking of immune cells.1,7-9 Thus, the dynamic balance between S1P and 
ceramide and the consequent regulation of opposing signaling pathways, is an important factor
that determines cell fate.10 S1P produces many of its effects by acting as a ligand for one or more of 
its five receptors, discussed below. However, although intracellular targets for both ceramide and 
sphingosine have been identified, indicating they are both bona fide second messengers, intracel-
lular targets for S1P have remained elusive.

Sphingosine Kinases
Oddly, like mammalian SphKs, two SphK isoenzymes are also found in organisms as diverse

as yeast, slime molds, worms, flies and mammals.7 In mammals, both SphKs have a broad and
overlapping tissue distribution, with SphK1 predominating in lung and spleen and SphK2 pre-
dominating in the heart, brain and liver.11,12 Both SphKs are members of the diacylglycerol kinase
family, containing five conserved domains responsible for substrate binding and catalytic activ-
ity.13 Differential activation of SphKs can be determined by in vitro assays, as detergents stimulate 
SphK1 and inhibit SphK2.12 Conversely, SphK2 is stimulated by high salt, whereas SphK1 is 
inhibited. SphK1 and SphK2 have similar endogenous substrate specificities, with both being able
to phosphorylate d-erythro-dihydrosphingosine and d-erythro-sphingosine, the two mammalian 
sphingoid bases.11,13 Cells contain both S1P and dihydro-S1P and both activate cell surface S1PRs 
with essentially the same affinity (see below). S1P predominates both in cells and plasma and thus 
for the purposes of this review “S1P” will refer to all phosphorylated sphingoid bases, including 
phyto-S1P found in yeast and plants, unless otherwise indicated. SphK1 and SphK2 are primar-
ily cytosolic, although their distributions are altered in different cell types and by various signals
(see below). Homozygous single knockouts of either isoenzyme are viable and there are also no
obvious phenotypes in yeast14 or mice,15,16 suggesting that they may have redundant, overlapping, 
or compensatory functions. Intriguingly, there is no functional redundancy in Drosophila, as dele-
tion of Sk2 but not Sk1 results in flight defects and reduced fecundity.17 In yeast, even the double 
knockouts are viable.14 However, when Sphk1��� and Sphk2��� mice were crossed, mice lacking 1 to
3 of the Sphk alleles appeared normal, but mice lacking all four alleles died in utero due to defective 
brain and cardiovascular system development.16 This suggests that SphK1 and SphK2 are redun-
dant in mammals, at least for viability. However, subtle yet significant phenotypic differences in 
Sphk1��� and Sphk2��� mice are emerging and the apparent functional redundancy may not apply 
to a variety of pathophysiological conditions, suggesting that isozyme-specific targeting of SphKs
may be an effective means of disease control or prevention.
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SphK1
SphK1a is a 48 kDa splice variant that was cloned utilizing peptide sequences from SphK1

purified to homogeneity from rat kidneys.11 Most investigations of the role of SphK1 have focused
on SphK1a, the major splice form, although two N-terminal extension splice variants have been 
described in humans, SphK1b (�14 aa) and SphK1c (�86 aa), all with similar enzymatic proper-
ties.18 SphK1 isoforms are predominantly cytosolic but have slightly different subcellular distribu-
tions, with SphK1b and SphK1c having greater plasma membrane localization.19 Interestingly,
extracellular secretion of SphK1a, by unknown mechanisms through a Golgi-independent route 
has been described,19 although the biological significance of this is not yet clear. SphK1 was initially 
purified in part based on its ability to bind to a calcium-calmodulin column.20 Subsequently, it 
was shown that SphK1 has a calmodulin binding site between residues 191-206, the mutation of 
which blocks agonist-induced SphK1 translocation to the plasma membrane, but not its activa-
tion.21 An important advance in understanding regulation of SphK1 was the demonstration that 
SphK1 is phosphorylated on Ser225 by ERK1/2,22 which was necessary but not sufficient for its
targeting to the plasma membrane.23 SphK1 has been shown to physically interact with a number 
of proteins that may affect its cellular localization, including RPK118,24 PECAM-1,25 Acy126 and
�-catenin/NPRAP,27 among others. SphK1 is activated by diverse stimuli, including hormones, 
growth factors, immunoglobulin receptor crosslinking, cytokines, chemokines and lysolipids, 
including S1P.1 Functionally, numerous studies have demonstrated a role for S1P produced by 
SphK1 in protection of cells from apoptosis, promotion of cell growth, stimulation of motility 
and tumorigenesis and as an essential component of many signaling pathways, activating kinases,
phospholipases and inducing calcium release (reviewed in refs. 1, 8, 28, 29). Indeed, many of the 
pro-growth and anti-apoptotic effects observed by exogenous addition of S1P can be reproduced
by overexpression of SphK1.

SphK2
Much less is known about SphK2, which was cloned in mammalian cells based on its homology 

to SphK1.12 SphK2 has two splice variants. The smaller, originally cloned SphK2-S, contains 618 
amino acids and the N-terminally extended SphK2-L, consists of 654 amino acids.30 SphK2-L is
expressed in human cells but not in mice and is reported to be the predominant SphK2 mRNA 
in most cell lines and tissues except brain and kidney.30 SphK1 and SphK2 have similar abilities
to phosphorylate endogenous substrates, but SphK2 is mainly responsible for phosphorylation
of the immunosuppressive pro-drug, FTY720.15,31,32 SphK2 was found to be a two hybrid interac-
tor with the cytoplasmic domain of the IL-12 receptor �1 and SphK2 overexpression enhanced 
IL-12-mediated signaling.33 SphK2 also binds calmodulin at a site that is conserved between the 
SphKs, although unlike SphK1, interaction with calmodulin does not alter SphK2 localization.21

SphK2 contains a putative BH3 domain that has been shown to contribute to the ability of 
overexpressed SphK2 to induce apoptosis in a variety of cell types.34 In contrast to SphK1, only a 
few agonists have been reported to activate SphK2, including EGF,35 IgE receptor crosslinking36gg
and IL-1� and TNF�.37 Of note, EGF activates SphK2 and induces phosphorylation on Ser351 
and Thr578, both dependent on ERK1.38 Moreover, this phosphorylation was required for
SphK2-enhanced cell migration towards EGF.38 Intriguingly, although SphK2 expression typically 
inhibits growth, promotes apoptosis and chemosensitizes several cell types,30,34,39,40 SphK2 protects 
MCF-7 breast cancer cells and HCT116 colon cancer cells from doxorubicin-induced apoptosis 
by a pathway mediated by p53-independent upregulation of p21.41

SphK1 vs. SphK2
Even though mice with single knockouts of Sphk1 and Sphk2 are viable with few obvious phe-

notypes, suggesting that the SphKs have redundant functions, the kinases exhibit many differences 
in a variety of experimental systems. Indeed, several studies have shown that the two SphKs in 
yeast, Lcb3p and Lcb4p, do not complement one another (e.g., ref. 42), although this may be due 
to the much higher activity of Lcb4p. Moreover, both SphKs, in yeast as well as mammals, have 
overlapping but distinct subcellular localizations, suggesting that they may interact with different
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proteins and/or lipids and utilize different sphingoid base substrate pools. The first clues that 
eukaryotic SphK1 and SphK2 may differ functionally came from the observations that, in contrast
to many reports demonstrating a pro-growth, anti-apoptotic role for SphK1, SphK2 overexpression
induced growth arrest and cell death.30,34,39 Consistent with these results, SphK1 decreased, while 
SphK2 increased, the sensitivity of several different cell lines to a variety of chemotherapeutic
drugs.34,40 However, other studies have revealed that SphK2 knockdown reduced proliferation of 
glioblastoma cell lines.43 The cell culture results demonstrating a role for SphK1 in cell growth and
apoptosis are likely pathophysiologically relevant, as SphK1 is overexpressed in a number of solid
tumors, including breast, ovary, kidney, brain, stomach and kidney.43,44 Perhaps because of its role 
as a promoter of apoptosis, SphK2 but not SphK1 was reported to be responsible for the secretion 
of S1P during apoptosis of Jurkat T-cells induced by staurosporin.45 Conversely, in hematopoietic
cancer cells, it was recently shown that SphK1 produced the S1P that was secreted in response to
doxorubicin-induced apoptosis.46

The differential effects of the two SphKs on cell fate are due in part to their different roles in 
regulating ceramide levels. SphK1 expression decreases ceramide levels, likely by inhibiting ceramide
synthases.47,48 Conversely, SphK2 expression increases ceramide levels by increasing the salvage of 
sphingoid bases.47 In a pathway that is conserved in yeast,42 exogenous sphingoid bases must first 
be phosphorylated by a specific SphK (Lcb4p or SphK2), then dephosphorylated by a specific SPP
(Lcb3p or SPP1).49,50 This cycle enables cells to re-acylate sphingoid bases to ceramides and likely 
represents a control point that cells use to regulate the amount of ceramide and sphingolipids at 
the levels of de novo synthesis (SphK1) and salvage of sphingoid bases (SphK2). SphK1 and SphK2 
also appear to have different roles in the uptake of S1P, with SphK1 but not SphK2 cooperating 
in another phosphorylation/dephosphorylation cycle that utilizes cell surface LPP-1 to promote
sphingoid base uptake.51

Differential effects of SphK1 and SphK2 are also apparent in transduction of signals 
from cell surface receptors. Perhaps because it was cloned first and thus is more well studied, 
SphK1-dependent formation of S1P has been found to be an important component of numerous
receptor signaling pathways, but even in cases where participation of both SphK1 and SphK2 
have been examined, it is still SphK1 that is typically implicated. To cite a few examples, estra-
diol activates SphK1, but not SphK2, ultimately leading to EGFR activation in MCF-7 cells52;
similarly, VEGF-induced activation of ERK1/2 in T24 bladder cancer cells requires SphK1 but
not SphK253; moreover, targeting SphK1 but not SphK2 with siRNA also blocks TNF�-induced
COX-2 induction and PGE2 secretion.54

Many studies have demonstrated a role for S1P and S1PRs in cell motility (reviewed in ref. 55)
and SphK1, but not SphK2, has often been reported to be the source of S1P. For example, EGF
stimulates the activity and translocation of SphK1 to lamellipodia in MCF-7 cells and overexpres-
sion of SphK1 enhances migration towards EGF.56 EGF also has been shown to stimulate both
SphK1 and SphK2 in HEK 293 cells, but only SphK1 was required for EGF-induced motility.35

The lack of requirement for SphK2 in these cells is the more remarkable because SphK2 is already 
localized at the plasma membrane and suggests that a SphK may need to be targeted to a specific
sub-compartment of the plasma membrane, perhaps in close proximity to its substrate and spe-
cific S1PRs and/or perhaps S1P transporter(s). Intriguingly, EGF also stimulates both SphK1
and SphK2 in MDA-MB-453 cells, but in these breast cancer cells, both SphKs are required for
EGF-induced motility.35

The roles of S1P in the immune system are complex and deciphering which SphK isozyme
is involved is a challenging task. It has been shown that SphK1, but not SphK2, is required for
degranulation of rat RBL-2H3 mast cells in response to IgE receptor crosslinking.57 In contrast,
in mouse bone marrow-derived mast cells, both SphK1 and SphK2 are activated by IgE receptor 
crosslinking in a Fyn-dependent manner.36 Interestingly, SphK1 and SphK2 have different require-
ments for effectors downstream of Fyn, suggesting other levels of regulation of SphK activation. 
These authors also showed that exogenous S1P could only partially restore degranulation to Fyn���
mice, hinting at an intracellular role for S1P (discussed below). This group later took advantage of 
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Sphk1��� and Sphk2��� double knockout mice to demonstrate that in fetal liver-derived and bone
marrow-derived mast cells, only SphK2 was responsible for IgE receptor triggered degranula-
tion and cytokine release.58 However, in a passive systemic anaphylaxis model, they found that
Sphk2��� mice fared as well or slightly worse than wild-type mice in terms of increased plasma 
histamine levels. Conversely, Sphk1��� mice had reduced plasma histamine levels. Sphk1��� mice 
also had reduced plasma S1P levels compared to wild type and Sphk2��� mice and the intensity of 
the histamine released positively correlated with circulating S1P levels. The triple allele knockout
Sphk1�/�// Sphk2��� mice had the lowest histamine responses and had plasma S1P levels as low as the
Sphk1��� mice. Thus, mast cell function in mice is determined both by SphK2 in mast cells (intrinsic 
S1P) and circulating S1P levels determined by nonmast cell SphK1 (extrinsic S1P). In contrast, in
both human LAD2 mast cells and human umbilical cord blood-derived mast cells, knockdown 
of SphK1 expression decreased degranulation, cytokine release and motility in response to IgE/
antigen.59 Conversely, SphK2 was dispensable for antigen-induced degranulation, motility, or
release of most cytokines.59 S1P likely also plays important roles in other types of immune cells,
although neutrophil function in cells isolated from Sphk1��� or Sphk2��� mice, or even in the whole 
animals themselves, showed little observable differences between the knockouts and wild type.
The Sphk2��� mice did have increased disease progression in a lung infection model.60 Differences 
between mouse and human immune systems remain to be resolved, but will likely require SphK 
isozyme-specific inhibitors to elucidate the roles for the SphK1 and SphK2 in mast cell functions
and development.

S1P Receptors
S1P is a ligand for five specific GPCRs, S1P1-5, formerly called endothelial differentiation gene 

(EDG) receptors, which are differentially expressed in different tissues. The cell type specific ex-xx
pression of S1PRs, as well as their differential coupling to different G proteins, explains the diverse 
signaling of S1P.61 As mentioned above, many stimuli, including hormones, immunoglobulin 
receptor ligation, growth factors and cytokines, activate cytosolic SphKs and the production of 
S1P that is required for the full activity of these agonists. In many cases, the S1P produced activates 
cell surface S1PRs in a paracrine and/or autocrine manner (reviewed in ref. 62). Indeed, many 
of the downstream effects of these stimuli require transactivation of one or more S1PRs, also 
called “inside-out” signaling. For example, in MCF-7 cells, estradiol stimulates ERK1/2 though
a mechanism that requires at least two autocrine signaling loops.52 In the first loop, estradiol 
stimulates SphK1 and formation of S1P leading to activation of S1P3. In the second loop, S1P3

activates the metalloproteinase MMP-9, which in turn releases EGF from the EGF-heparin binding 
protein and activates EGFR, finally leading to ERK1/2 phosphorylation.52 How transactivation of 
S1PRs is accomplished is an intriguing puzzle as the SphKs and S1P production are both on the
cytosolic side of the plasma membrane and S1PRs bind S1P on the exoplasmic side. While it has
been suggested that SphK proteins themselves may be secreted and produce S1P extracellularly,19

it has been convincingly shown that the ABCC1 transporter mediates secretion of intracellularly 
produced S1P from mast cells.63 Moreover, S1PR transactivation is not only regulated by S1P 
secretion, cellular levels of S1P are also important, as decreasing levels by overexpression of SPP1
inhibits transactivation,64 while decreasing S1P degradation by inhibition of SPL promotes it.65

Such inside-out transactivation loops may be a general phenomenon, as chemotactic signals for 
neutrophils acting through their receptors induce secretion of ATP that then locally activates cell 
surface nucleotide receptors to coordinate directed cell migration.66

S1P1P
S1P1 is ubiquitously expressed, with high levels in brain, lung, spleen, cardiovascular system and 

kidney. It was originally identified as an orphan GPCR involved in differentiation of endothelial
cells.67 Since its discovery, many of the important physiological functions of S1P have been attrib-
uted to ligation of this receptor. It is now known that S1P1 plays a key role in angiogenesis, because 
its deletion in mice is embryonic lethal due to hemorrhage resulting from incomplete vascular
maturation as smooth muscle cells and pericytes fail to migrate and envelop nascent endothelial
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tubes.68 Endothelial cell conditional S1P1 knockout mice have been generated using the Cre/Lox
system and these mice display the same vascular deficiencies, suggesting that S1P1 receptors on 
endothelial cells are also responsible for vessel coverage by smooth muscle cells.69 S1P1 also plays
an important role in maintenance of endothelial and epithelial barrier integrity by functioning 
in conjunction with S1P2 and S1P3 to increase vascular integrity.70-72 Disruption of endothelial
barriers leads to increased vascular permeability, often found in tumors and in inflammation.
Silencing of S1P1 expression with siRNA blocks barrier enhancement, determined by transend-
othelial monolayer electrical resistance, while silencing of S1P3 inhibits vascular disruption.71 These
experiments also identified the downstream signaling molecules Akt and Rac as effectors of S1P1

actions on vascular integrity.71 A role for S1P1 in vascular integrity has also been demonstrated 
in vivo73-76 and experiments using a S1P1 selective antagonist demonstrated that S1P1 is crucial
in maintaining vascular tone.77 Of particular interest are the conditional SphK1/SphK2 double 
knockout mice, which have normal vascular integrity despite having over 100-fold lower plasma 
S1P levels than wild type mice,78 suggesting that even a very low level of S1P is sufficient as long 
as S1P1 expression is normal.

S1P1 is also intimately involved in immune cell function. In particular, its expression is required 
for lymphocyte egress from lymph nodes. Resting T- and B-cells express primarily S1P1 and its
downregulation or deletion results in lymphopenia due to the inability of lymphocytes to exit from 
the lymph nodes.15,79 Additionally, transplantation of S1P1 deficient thymocytes and lymphocytes 
into normal mice results in their sequestration in lymph nodes and Peyer’s patches. Moreover,
T-cells overexpressing S1P1 preferentially distribute into blood.80 These results confirm that S1P1

controls lymphocyte recirculation.

S1P2P
S1P2 is also widely expressed in a variety of different cell types. Unlike S1P1 knockout mice,

newborn S1P2 deficient mice do not demonstrate any striking abnormalities, although they have 
been reported to develop sporadic seizures between 3-7 weeks of age.81 Neocortical pyramidal cells
from these mice also display an increase in excitability.81 In addition, S1P2

��� mice are deaf indicat-
ing that S1P2 is required for proper development of the auditory and vestibular systems.82,83 S1P2 is 
also required for proper degranulation of mast cells.57 S1P2 is generally considered to be a repellant 
receptor as its activation inhibits cell migration and appears to work in opposition to S1P1 and S1P3,
which both enhance cell migration.84 Similarly, activation of S1P2 activates ROCK/Rho and leads
to increases in vascular permeability.72 Finally, although the visceral organs of S1P2

��� mice develop 
normally, expression of S1P2 promotes liver tissue remodeling in response to acute injury.85

S1P3P
Much like the lack of phenotypic effects of deletion of S1P2, deletion of S1P3 in mice does not 

generate any obvious phenotype. S1P3 is expressed in the cardiovascular system, lungs, kidney,
intestines, spleen and cartilage.86 Knockouts of both S1P2 and S1P3 increases perinatal lethality,
but not to a great extent.87 However, the triple knockout of S1P1-3 leads to embryonic lethality 
due to massive vascular deficiencies perhaps even worse than those resulting from knockout of 
S1P1 alone.88 S1P3 is also an important regulator of vascular permeability signaling through the
downstream effectors ROCK and Rho.72 A clear role for S1P3 has also been demonstrated in the 
regulation of heart rate,89 as S1P3 expression is localized to myocytes and perivascular smooth 
muscle cells and its activation results in bradycardia and hypertension.

S1P4PP and S1P4 5P
S1P4-5 have much narrower patterns of expression than the dominant S1P1-3 receptors, localizing 

in human leukocytes, NK cells, airway smooth muscle cells and white matter of CNS tracts.90-93

S1P4 is primarily expressed in lymphoid tissues, including the thymus, spleen, bone marrow, ap-
pendix and peripheral leukocytes.94 S1P4 directly couples to G�i and G�12/13 subunits of trimeric 
G proteins and Jurkat cells overexpressing S1P4 display enhanced pertussis toxin-sensitive cell 
motility in the absence of S1P.95 S1P4 stimulation also activates the mitogen activated-protein 
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kinases ERK1/2, activates phospholipase C and modulates the opening of intracellular calcium
stores.96,97 Stimulation of S1P4 ectopically expressed on CHO-K1 cells induced cytoskeletal rear-
rangements and cell rounding, as well as its internalization following S1P stimulation.95 Whether
or not S1P4 has a role in cell motility remains unclear. In D10G4.1 mouse Th2 cells and EL4.IL-2
mouse T-cells lacking endogenous S1P receptors but transfected with S1P4, its activation failed 
to transduce chemotactic responses.98 These cells also displayed enhanced secretion of IL-10 and
decreased proliferation in response to S1P.98

S1P5 is highly expressed in oligodendrocytes;92 however, silencing of S1P5 expression does 
not inhibit myelination or produce any other obvious phenotype in these cells.99 Binding of S1P
to S1P5 induces phosphatase-dependent inhibition of ERK1/2, resulting in an antiproliferative 
phenotype.91,100,101 In addition, stimulation of rat oligodendrocytes with PDGF increases S1P1

expression with a concomitant downregulation of S1P5, resulting in an amplified mitogenic 
response.102 A recent report demonstrated that S1P5 is present in natural killer cells (NK). Mice 
deficient in S1P5 display aberrant NK cell homing and mobilization of NK cells to inflamed or-
gans.93 Finally, despite a multitude of studies focusing on physiological functions of S1PRs, some 
actions of S1P resulting from activation of SphKs are independent of S1PRs.

Evidence for Intracellular Targets of S1P
As discussed above, cellular levels of S1P are controlled both by its synthesis and by its degrada-

tion. S1P can be degraded either by dephosphorylation back to sphingosine or irreversibly degraded 
by SPL to ethanolamine phosphate and fatty aldehyde. In fact, the latter is the only pathway in
eukaryotic cells for degradation of sphingoid bases. Thus, S1P formation and subsequent degrada-
tion by SPL is one means for decreasing sphingolipid levels within the cell. Intriguingly, S1P is also 
an intermediate in the formation of sphingolipids from salvaged sphingoid bases. Though these
pathways regulating sphingolipid levels demonstrate a central role for S1P, emerging evidence from 
yeast, plants and mammals points to S1P as a classical, intracellular second messenger.

S1P in Saccharomyces cerevisiae
The yeast genome does not encode a recognizable cell surface receptor for S1P and exogenous

S1P does not affect yeast growth.103 Thus, any role for S1P in yeast physiology must therefore be
intracellular. While no direct target for S1P has been found, S1P does indeed have intracellular
functions in yeast. First, it has been demonstrated that yeast cells deleted of S1P phosphatase (lcb3/
ysr2/lbp1) and SPL (dpl1) accumulate large amounts of S1P and are nonviable or very slow grow-
ing. This growth arrest can be can be rescued if the major yeast SphK (lcb4) is deleted, indicating 
that intracellular S1P suppresses yeast cell growth.104,105 Indeed, sphingosine itself induces growth
arrest in yeast and this effect can be blocked by mutational inactivation of SphK.103 The growth
inhibition may be due to elevated levels cytosolic calcium, as S1P has been shown to increase
intracellular calcium levels.106 In contrast, while heat shock-induced cell cycle arrest is mediated
by the sphingoid base itself107ff  heat shock also increases SphK activity103 and S1P accumulation,108

suggesting a functional role for S1P in heat shock responses. Preventing S1P metabolism by deletion
of either the S1P phosphatase Lcb3p109,110 or SPL108 led to enhanced levels of S1P and increased
heat shock tolerance. Moreover, mutational inactivation of SphK reversed the protective effect
of SPL deletion.103 That deletion of either an S1P phosphatase or SPL promotes heat tolerance
indicates that S1P has direct actions, rather than merely functioning as a metabolic intermediate.
Identification of molecular targets of S1P in yeast would aid this quest in mammalian cells.

S1P in Arabidopsis thaliana
Abscisic acid is a plant hormone responsible for mediating responses to drought conditions such

as closure of stomata to prevent water loss. It was recently demonstrated that drought increased
S1P levels in plants and that abscisic acid-induced stomatal closure was reduced by SphK inhibi-
tors.111 Subsequently, it was shown that abscisic acid activated SphK in Arabidopsis.112 Intriguingly, 
these authors showed that the effects of S1P on stomatal openings were dependent on the single 
canonical G� protein in plants, GPA1. This finding suggests that S1P might be acting through
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plant GPCRs. However, Arabidopsis has only one GPCR-like protein, designated GCR1, which is
not homologous to the known S1PRs, does not bind phosphorylated sphingoid bases and GCR1 
mutants are hypersensitive to S1P-induced stomatal closure.113 Thus, S1P likely regulates stomatal
apertures and drought responses intracellularly in plants.

S1P in Mammalian Cells
The observation that expression of SphK1, but not SphK2, decreases ceramide levels and in-

creases dihydrosphingosine levels47 suggests that S1P produced by SphK1 may negatively regulate 
one or more of the six (dihydro)ceramide synthases (CerS), leading to accumulation of its substrate, 
dihydrosphingosine. Subsequently, using lysates from cells over-expressing individual CerSs, S1P
was shown to be a noncompetitive in vitro inhibitor of CerS2, but not of other CerSs.48 In silico 
analysis identified two domains in CerS2 with predicted homology to S1PRs and mutation of 
one arginine to alanine in each of these two domains removed S1P inhibition without altering 
CerS activity.48 The authors concluded that S1P directly binds to and inhibits, CerS2. However, 
it is also possible that S1P acts through intermediate proteins in cell lysates to inhibit CerS2. 
Moreover, CerS2 does not use C16 or C18 acyl CoAs as substrates, yet it is C16 and C18 ceramides 
that are most affected by expression of SphK1.47 Additionally, S1P produced by SphK1 reverses 
CerS1-induced chemosensitivity, suggesting that S1P directly affects CerS1.40 Finally, it is not yet 
clear whether inhibition of CerS2 by S1P is a signal-mediated effect or whether it is simply feedback 
product inhibition. Further work is needed to confirm that S1P binds to and inhibits CerS2.

As mentioned previously, autocrine and/or paracrine transactivation of S1PRs is typically 
accompanied by translocation of SphK1 to the plasma membrane. However, both SphK1 and 
SphK2 have been shown to translocate to other cellular compartments, suggesting that S1P may 
be produced locally in these compartments to act on specific intracellular targets. For example, 
SphK1 is targeted to internal membranes through interaction with RPK11824 and Acy1.26 SphK1
translocated to nascent phagosomes promotes maturation into mature phagolysosomes.114 SphK1 
has also been shown to translocate to the nuclear envelope during S-phase115 and this transloca-
tion may play a role in the ability of SphK1 overexpression to promote the G1/S transition.116

Conversely, SphK2 has been shown to reside in the nucleoplasm in certain cells, where it functions
to arrest cells in G1.30,39 Moreover, SphK2 has a nuclear export signal sequence that is activated by 
phorbol ester-induced phosphorylation, likely through protein kinase D.117 Whether the nuclear 
export signal serves to promote SphK2/S1P signaling in the cytosol or to decrease SphK2/S1P 
signaling in the nucleus is unclear. In some cells, SphK2 has been shown to translocate to the ER 
under stress conditions and promote apoptosis.47 Indeed, targeting SphK1 to the ER induced
apoptosis,34 suggesting that S1P produced at the ER has specific targets.

A direct target for S1P in the ER has not conclusively been identified, although strong evi-
dence indicates that S1P can activate thapsigargin-sensitive calcium channels, likely in the ER. 
S1P induced inositol trisphosphate receptor-independent release of calcium from permeablized 
cells118 and from cell fractions rich in rough, but not smooth, ER.119 Consistent with these results, 
cells overexpressing SphK2, which localizes in part to the ER, were also shown to have elevated
intracellular calcium.47 Conversely, fetal liver derived-mast cells from Sphk2��� mice have a defect 
in calcium mobilization in response to IgE receptor crosslinking that cannot be restored with
exogenous S1P,58 again suggesting an internal S1P target. Exogenous S1P increases calcium in 
HEK293 cells, a response that can be inhibited with pertussis toxin. However, microinjection of 
S1P increases calcium bypassing a pertussis toxin block, again supporting a role for intracellular 
S1P in calcium release.120 Similarly, caged S1P can elicit calcium mobilization in cells that do not
respond to exogenous S1P.121 Likewise, UTP stimulates calcium mobilization in a SphK-dependent
manner, but this effect is not mimicked by exogenous S1P.122 Finally, exogenous S1P itself can
stimulate SphK and SphK inhibitors reduced calcium release induced by S1P.123 Intracellular cal-
cium release by S1P may be an evolutionarily ancient pathway, as it has been shown that S1P can 
increase calcium in yeast.106 In sum, these results strongly suggest that S1P is a second messenger 
that can activate calcium channels.
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Finally, there are other effects of S1P that cannot be explained by activation of the known
S1PRs. For example, overexpression of SphK1 promotes survival of endothelial cells in part
through PECAM-1 expression and activation of Akt, an effect that is not reproduced by exogenous 
S1P.124 Dihydro-S1P and S1P bind and activate S1PRs with similar affinities, but dihydro-S1P
cannot recapitulate all of the effects of S1P.125-128 For example, S1P, but not dihydro-S1P, protects
male germ cells from apoptosis, an effect that was linked to inhibition of NF-�B and activation
of Akt.128 A similar protection pattern was observed for HL-60 and PC-12 cells.125 Conversely,
S1P-phosphonate, which does not bind to S1PRs, also protects these cells from apoptosis,125 sug-
gesting an intracellular action. Other studies using embryonic fibroblasts from S1PR knockout
mice ruled out S1PR involvement, demonstrating that SphK1 overexpression stimulated growth 
and survival in wild type and in S1PR negative cells.129 In the APCmin/CC �//  model of intestinal tum-
origenesis, it was shown that Sphk1��� mice, but not S1p1

�/�// , S1p�
2
���, or S1p3

��� mice, had reduced 
tumor progression and size,130 suggesting an intracellular role for S1P. Moreover, SphK1 null mice
had elevated levels of sphingosine but not S1P, so it is possible that reduced tumor progression 
and size was due to inhibitory effects of sphingosine rather than to the absence of S1P stimulation. 
S1PR knockouts were similarly used to demonstrate that SphK2-induced apoptosis was S1PR 
independent.34 Consistent with a role for SphK2 in apoptosis, the FTY720 analog AAL(R), 
which is phosphorylated by SphK2 but only poorly by SphK1, induces apoptosis in Jurkat cells and
primary splenocytes.131 The authors showed that AAL(R) had to be phosphorylated to affect cells 
as the nonphosphorylated AAL(R) isomer did not induce apoptosis in cells from Sphk2��� mice.
However, exogenous addition of phosphorylated AAL(R) did not induce apoptosis, suggesting 
both that phospho-AAL(R) must be generated at or near its site of action and that S1PRs are not
involved in SphK2-induced apoptosis.

Intracellular S1P has also been linked to regulation of inflammatory responses. CD4� T-cells
from SphK2 knockout mice displayed a hyperactivated phenotype, increased proliferation and
enhanced secretion of cytokines and STAT5 activation in response to IL-2.132 This phenotype 
was physiologically relevant, as T-cells from SphK2 knockout mice induced a much more rapid 
response than T-cells from wild type littermates in an adoptive transfer model of inflammatory 
bowel disease. The hyperresponsiveness to IL-2 could not be reversed with exogenous S1P, indi-
cating that internal S1P normally suppresses IL-2-induced inflammatory responses. Interestingly, 
activation of the T-cell receptor in Th1 and Th2 cells leads to increased expression of SphK1, but
not SphK2 and SphK1 negatively regulates chemokine expression, although the authors did not 
examine whether exogenous S1P reproduced chemokine suppression.133 Similarly, it has been
shown that in primary umbilical vein endothelial cells, the pro-inflammatory cytokine TNF�
greatly increased expression of the S1P phosphatase SPP2.134 Induction of SPP2 was required for
the TNF�-induced production of IL-1� and IL-8. SPP2 is an integral membrane protein of the 
ER and its requirement for induction of inflammatory responses suggests that it acts at the ER to 
remove an inhibitory S1P signal. Moreover, downregulation of SPP1 demonstrated that it played
no role in TNF�-induced cytokine secretion. As SPP1 is also an ER resident protein, these results
suggest a role for S1P at a specific subcompartment of the ER. Moreover, parallel findings have 
been reported in yeast, where the S1P-specific phosphatases, YSR2 and YSR3, are both localized
to the ER and have overlapping but distinct functions.5

Many studies have utilized nonisozyme specific SphK inhibitors to implicate S1P in various 
signaling pathways (e.g., refs. 135,136), leading to the conclusion that S1P was acting intracellularly 
in these systems, but S1P release was not detected. Still, care should be used in interpreting these
results as S1P release may have been below the limits of detection. Moreover, exogenous S1P can
activate all surface S1PRs, perhaps resulting in net opposing effects. It is also possible that signaling 
events localize secretion of S1P to regions of the plasma membrane where specific receptors to
be activated are localized. Thus, lack of detectable S1P secretion does not definitively show that
S1PRs are not involved in a particular signaling pathway.

Furthermore, studies in endothelial cells using a pan sphingosine kinase inhibitor demonstrated 
that endogenously generated S1P functions as a positive modulator of calcium entry via store 
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operated channels (SOC), whereas exogenously administered S1P initiated calcium release from 
the ER similar to histamine and decreased endothelial cell permeability.137 These results suggest that
the production of intracellular S1P and not the secretion of S1P to act on other immunoregulatory 
cells, is the primary determinant of the inflammatory response.

Recently, a new study demonstrated that the vascular permeability inhibitor Ang-1 stimulated 
SphK1 and led to increases in intracellular S1P and decreases in vascular permeability. This func-
tion remained undisturbed even when expression of S1P1-3 was downregulated.138 Exogenous S1P
also decreased vascular permeability, but not in cells where S1PRs were downregulated.138 These
results suggest that Ang-1/SphK1 actions on vascular permeability are mediated via an intracel-
lular mechanism.

Implications, Future Directions, and Conclusion
It is now clear that the bioactive lipid mediator S1P exerts effects both intracellularly and 

extracellularly. In addition, SphK1 and SphK2 are not only distributed differently throughout
tissues and within cells, S1P produced by these kinases can have different, sometimes opposite,
downstream effects. How can one simple molecule like S1P have such a wide range of effects? It 
seems that in the case of S1P, the location of its production may be a major determinant of the
resulting phenotype. The key to unlocking this riddle will be the inevitable discovery of intracel-
lular S1P binding partners, but to date, none have been unequivocally identified. Extensive studies
of proteins in the nucleus, particularly those involved in the transcriptional machinery and the
regulation of the cell cycle, are clearly indicated to elucidate the mechanism by which S1P exerts 
its effects there. Additionally, the consequences of activation or inhibition SphK1 vs. SphK2
must be studied with more scrutiny, as it is apparent that despite catalyzing the same reaction,
they have different functions. In addition, because the intracellular actions of S1P involve many 
functions related to cancer and other diseases, a full understanding of both the extracellular and
intracellular actions of S1P will be needed to best design clinical therapies targeting SphKs and
S1P production as well as its receptors.
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Abstract

Glucosylceramide has a unique and often ambiguous role in mammalian cells. Activation 
of glucosylceramide synthase, the enzyme that places a glucosyl moiety onto ceramide, 
is the first pathway-committed step to the production of more complex glycosphingo-

lipids such as lactosylceramide and gangliosides. Alterations in the level of glucosylceramide are 
noted in cells and tissues in response to cardiovascular disease, diabetes, skin disorders and cancer.
Overall, upregulation of glucosylceramide offers cellular protection and primes certain cells for
proliferation. However, prolonged overabundance of glucosylceramide is detrimental, as seen in 
Gaucher disease in humans.

Introduction
Glucosylceramide (GlcCer) is common to plants, fungi and animals and it is essential for 

viability of multicellular organisms. Cells in culture can survive a deletion of glucosylceramide
synthase (GCS), the gene responsible for the glucosylation of ceramide, whereas embryos cannot.1

GlcCer is the precursor of lactosylceramide (LacCer) and the rest of the neutral and acidic oligo 
glycosphingolipids. LacCer and several gangliosides have also been shown to function as signaling 
molecules, however this chapter will focus only on the properties of GlcCer and its regulation.

Glucosylceramide Synthesis and Degradation
Ceramide made in the endoplasmic reticulum (ER) is transported by ceramide transport

protein CERT to the cytosolic side of the trans-Golgi where it is converted to GlcCer by GCS2

(Fig. 1). GlcCer must cross into the lumen of the Golgi in order to be converted to LacCer and
higher order glycosphingolipids. It has been shown that short-chain GlcCer can be pumped into
the Golgi by ABC transporters, however it is unclear whether natural GlcCer flips into the Golgi 
lumen, is pumped into the Golgi by ABC transport proteins, or is shuttled back to the ER by the
transport protein FAPP2.3 GlcCer shuttled to the ER has been shown to be transported or flipped 
into the ER lumen where it enters the trans-Golgi network to undergo transformation to LacCer 
and GM3.4 GlcCer from the cytosolic leaf of the Golgi may also be pumped or flipped into the
lumen.5 The GlcCer that makes it into the Golgi lumen is converted to LacCer by lactosylceramide 
synthase (LCS).6 Most of the GlcCer that is synthesized is not converted to LacCer, suggesting that 
GCS and LCS are not functionally coupled. There appears to be a distinct pool of GlcCer that is 
used for LacCer and downstream oligo glycosphingolipid synthesis, which raises the possibility 
that the cell utilizes GlcCer for different functions.7,8

The glucose moiety on GlcCer is removed by lysosomal GlcCer-�-glucosidase and by the
ER-localized saposin C enzyme to yield ceramide. Deficiencies in these enzymes in humans lead 
to Gaucher disease. In Gaucher disease, cells cannot degrade GlcCer efficiently and the excess
is stored throughout the cell,9 leading to overall increased GlcCer levels. The most pronounced
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effect occurs in phagocytotic macrophages that participate in ingesting blood cells and apoptotic
lymphocytes. These macrophages become engorged with GlcCer and other lipids and release cy-
tokines due to chronic activation.10 Similar to many other diseases, there are differences in severity 
and clinical manifestations.

Regulation of the rate-limiting enzyme of glycosphingolipid synthesis, GCS, is not
well-understood. The protein c-Fos is an established transcription factor, but has also been
shown to bind to the ER and activate the biosynthesis of phospholipids.11 Recently, c-Fos 
was shown to activate GCS, but does not activate GlcCer galactosyltransferase 1 and LacCer 
sialyltransferase 1. Additionally, c-Fos co-immunoprecipitated with GCS in neuronal PC12 
cells.12 GCS transcription may also be regulated in part through Sp1.13,14 Overexpression of a 
reticulon family member, RTN-1C, sensitized neuroepithelial cells to fenretinide, a synthetic 
retinoid derivative that induces apoptosis. Di Sano et al15 also showed that RTN-1C interacts 
with GCS and modulates its activity. Their results indicate that GCS/RTN-1C interaction 
may mediate signals between Golgi and ER compartments, including the cellular response to
apoptotic stimuli. This may occur because RTN-1C also interacts with the proapoptotic pro-
tein Bcl-xL.16 GCS may also be regulated by PI3K in natural killer cells.17 The GCS antagonist
D-threo-1-phenyl-2-palmitoylamino-3-pyrrolidino-1-propanol (P4),18 used to decrease GlcCer 
levels, induced tyrosine phosphorylation of PLC� and increased inositol 1,4,5 trisphosphate (a 
PLC� product).17 In support of this, phosphorylation of PLC� was abolished by the exogenous 
addition of GlcCer.19

Figure 1. Synthesis of glucosylceramide. Ceramide transported from the ER by CERT to the
trans-Golgi is glycosylated on the cytosolic leaf by glucosylceramide synthase (GCS). Most of 
the glucosylceramide (GlcCer) is shuttled back to the endoplasmic reticulum (ER) by transport
protein FAPP2 where it will re-enter the Golgi network on the lumenal side. Some GlcCer
is transported to the plasma membrane (PM) or endosomes. Alternatively, GlcCer is either
flipped or pumped into the Golgi lumen to undergo further modification to lactosylceramide
(LacCer) by lactosylceramide synthase (LCS).
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Multiple Functions of Glucosylceramide
Template for Higher Order Glycosphingolipids

One of the most important functions of GlcCer is to serve as a template for production of 
LacCer and complex glycosphingolipids (Fig. 2). Many of the higher order oligo glycosphingolipids 
have distinct signaling functions that are beyond the scope of this chapter, but that are required
for proper development in humans.

Membrane and Lipid Raft Constituent
GlcCer and other glycosphingolipids have higher affinity for cholesterol compared to the

major membrane constituent phosphatidylcholine and they are known to induce formation
of liquid-ordered phases.20 Recent analysis of detergent-resistant membrane fractions reveal
that in addition to sphingmyelin and cholesterol, glycolipids are also present.21 Furthermore, 
GlcCer is elevated in the detergent-resistant membranes from Gaucher cells.21 It has been shown
that GlcCer, unlike galactosylceramide, is located preferentially on the cytoplasmic surface of 
cell membranes and therefore likely utilized in lipid rafts at the ER and Golgi.4 Studies have
implicated a role for GlcCer in vesicular and glycolipid sorting in the endocytic pathway via 
lipid rafts. GlcCer on the cytosolic surface of the Golgi appears to aid in sorting membrane 
proteins to melanosomes and it is believed to be essential for the activity of tyrosinase, a key 
enzyme in melanin biosynthesis.22 Glycosylphosphatidylinositol-anchored proteins prefer
glycosphingolipid-enriched domains and recently it was demonstrated that PKA-RIIa docks 
to glycosphingolipids in HepG2 cells and affects apical targeting of P-glycoprotein (P-gp).23,24

Treatment with D-threo-1-phenyl-2-decanoylamino-3-morpholino-1-propanol (PDMP),18 an
inhibitor of GCS and LCS, delays the appearance of P-gp, suggesting that GlcCer synthesis is 
important for Golgi-to-apical transport of P-gp.24 However, conflicting data suggest that the 
role of glycosphingolipids in P-gp transport may be cell-specific.25 Although the fate of specific 

Figure 2. Glucosylceramide is the major precursor of complex glycosphingolipids. 
Glucosylceramide (GlcCer) is the backbone upon which hundreds of neutral and acidic oli-
goglycosphingolipids are formed. Lactosylceramide is Gal�1-4 Gluc�1-1 Ceramide. Adapted 
from http://www.genome.ad.jp/kegg/pathway.html.
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proteins may differ, there is a higher concentration of GlcCer in the apical domain of polarized
cells such as intestine and kidney epithelial cells.26,27 The directed sorting of GlcCer in brain
capillary endothelial cells, which also have continuous tight junctions and polar distributed
proteins, suggests that GlcCer aids in the proper function of polarized cell types.28

Cellular Protection in the Skin
The outer layer of our skin is composed of a system of lamellar sheets of lipids in the intracellular 

space of the stratum corneum. GlcCer constitutes approximately 4% of the total epidermal lipid 
mass, but is one of the main components of lamellar bodies.29,30 Lamellar bodies are lipid-storage 
organelles that are exocytosed from keratinocytes. The skin uses this storage function to respond to
the environment quickly by altering the level of ceramide, which is an essential lipid for maintaining 
proper water and electrolyte levels and for skin barrier repair.31 By developing an epidermis-specific 
GlcCer-�-glucosidase knock-out mouse, Jenneman et al32 showed that lack of GlcCer in the epider-
mis led to an irregular arrangement of the lamellar bodies and of extracellular lipids in the stratum
corneum. In the absence of GlcCer-�-glucosidase, sphingomyelin became the default reservoir
for ceramide. It was shown, however, certain subtypes of ceramides necessary to maintain barrier
function were lacking. These data provide strong evidence that GlcCer is absolutely essential to 
provide the correct ceramides needed for barrier function.

Another function of GlcCer in skin is to signal proliferation in keratinocytes. In a study by 
Uchida et al,33 human keratinocytes treated with exogenous sphingomyelinase initially increased 
ceramide and, as a consequence, proliferation was stalled. By 24 h, cells began to proliferate paral-
lel to an increase in GlcCer and GCS expression. Cells cotreated with exogenous GlcCer further 
augmented proliferation, while GCS inhibitor treatment enhanced the antiproliferative effects 
of sphingomyelinase. Additionally, HaCaT cells engineered to overexpress GCS were resistant to 
the effects of sphingomyelinase.33 These data suggest that a balance between ceramide and GlcCer 
aids in cell differentiation.

Skin diseases like atopic dermatitis and psoriasis exhibit hyperproliferation, inflammation
and impaired barrier function.34 The mRNA and protein expression of GlcCer-�-glucosidase 
was shown to be lower in nonlesional skin from patients with psoriatic epidermis compared to 
control skin, yet was higher in lesional compared with nonlesional skin from psoratic patients.35

These data suggest that flare-ups of certain skin conditions likely occur due to the misregulation 
of GlcCer. In a clinical study, patients with atopic eczema that ingested GlcCer saw a reduc-
tion of transepidermal water loss.36 These results were reiterated in a chronic skin perturbation 
mouse model that exhibited enhanced skin improvement following dietary supplementation of 
plant-based GlcCer.37 Although seemingly contradictory, these results are likely due to a systemic 
anti-inflammatory effect of GlcCer, especially plant-derived GlcCer (see section entitled “Cellular
protection in carcinomas”).

Cellular Protection in the Cardiovasculature
GlcCer may offer protective effects in the cardiovasculature by serving as an anticoagulant.

An analysis of plasma from venous thrombosis patients showed lower GlcCer levels than in 
healthy blood donors.38 In the same study, plasma from healthy individuals treated with GlcCer
�-glucosidase to decrease GlcCer, resulted in a reduction of plasma sensitivity to activated protein 
C (APC)/protein S. Exogenously added GlcCer dose-dependently prolonged clotting times in the
presence of APC/protein S.38 Furthermore, lipid vesicles containing GlcCer enhanced binding of 
APC and enhanced factor Va inactivation by protein S-dependent APC.38,39 These results suggest
that GlcCer facilitates anticoagulation activity.

Analysis of the glycosphingolipid composition in artery layers from normal and atherosclerotic
human aorta show striking differences. The intima layer, which interacts with blood, showed an
accumulation of GlcCer, LacCer and ganglioside GM2 in fatty streaks and atherosclerotic plaques, 
but not in normal intima.40 Oxidized LDL, which occurs during the progression of atherosclerosis,
harbors GlcCer and complex oligo glycosphingolipids. However the oligo glycosphingolipids do 
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not accumulate as GlcCer does, suggesting that GlcCer is synthesized in the artery wall.40 Heart
attacks often occur following clot formation from the rupture of an unstable plaque and one of 
the body’s protective mechanisms is to induce proliferation of smooth muscle cells to form a cap
over the plaque. In another study it was demonstrated that LacCer, but not GlcCer derived from 
plaque intima, exerted an increase in proliferation of cultured human aortic smooth muscle cells.41

Thus, the upregulation of GlcCer and LacCer is possibly preventing the development of an unstable 
plaque by the proliferative effect of LacCer and by the anticoagulative effect of GlcCer.

Cellular Protection in the Brain
Cerebrospinal fluid from Alzheimer’s disease patients and in affected brain regions show 

decreased GCS protein and increased levels of ceramide.42,43 In cell culture experiments, cerebellar 
granule cells exposed to the GCS inhibitor P4 responded by increasing ceramide and subsequently, 
viability decreased.42 Experiments in rodents to induce stroke suggest that glycosphingolipids
play a role in decreasing the severity of damage. Following middle cerebral artery occlusion in 
rats, brain ceramide increased with concomitant decrease in GCS activity.44 The stereoisomer of 
PDMP, L-threo-PDMP, has been used previously to activate GCS in neuronal cells.45 Following 
permanent occlusion of the left middle cerebral artery, resulting in chronic ischemia, intraperito-
neal injection of L-threo-PDMP induced an increase in GlcCer in the ischemic cortex, without
changes in sphingomyelin or ceramide. Importantly, the rats showed improved learning and
memory compared to artery-occluded rats that did not receive the GCS activator.46 In the case of 
Alzheimer’s disease, it is unclear whether GlcCer or a downstream glycosphingolipid is the mol-
ecule affording protection against cell death. Although it is possible that GlcCer is the molecule
protecting ischemic brain areas because it is an anticoagulant,38,39 more evidence would be needed
to draw this conclusion.

Cellular Protection in the Immune System
The role GlcCer plays in the immune system is not well understood. Decreased GlcCer in

macrophages and T-cells appears to shift the cell’s response from “attack” to “self-protect”. Isolated
peritoneal macrophages from mice treated with N-alkylnojirimycin,47 a GCS inhibitor, showed
a decreased capacity to release TNF� or IL-6 in response to whole killed E. coli.48 Renal cell
carcinoma cells induce apoptosis in T-cells via RelA degradation as shown in coculture experi-
ments.49 Pretreatment with the GCS inhibitor P4 protected T-cells from tumor-induced RelA 
degradation and subsequent apoptosis.49 Systemic increase in GlcCer appeared to facilitate disease
recovery. Diabetic and insulin-resistant rodent models given daily intraperitoneal injections of 
GlcCer or given inhibitors of GCS responded with increased insulin sensitivity and decreased 
hyperglycemia.50-52 In Ob/Ob mice, GlcCer injections also led to an increase in IL-10 and periph-
eral/intrahepatic natural killer T-cell ratio and a corresponding decrease in serum INF-�.53 Natural
killer T-cells are a subset of lymphocytes that lead to the release of either pro-inflammatory or 
anti-inflammatory chemokines when activated. In one study, mice induced to develop hepatic
sclerosis were given intraperitoneal injections of GlcCer. In the experimental arm, GlcCer ame-
liorated liver damage, measured by decreased transaminase serum levels. Furthermore, there was 
a decrease in intrahepatic natural killer T and CD8 lymphocytes and a decrease in T(h)1 and
T(h)2 cytokines.54 An increase in GlcCer may also prevent certain pathogens from binding to 
cells, which is the first step of invasion. It was demonstrated that bacteria isolated from patients
with cystic fibrosis and pneumonia do not bind to GlcCer, LacCer and several gangliosides, but 
they do bind to asialo-GM1, asialo-GM2 and fucosylasialo-GM1.55

Ceramide is doubled in human skeletal muscle from patients with insulin-resistance, and 
patients with Gaucher disease often develop peripheral insulin resistance, possibly through the
influence of glycosphingolipids on insulin receptor functioning.56,57 The insulin resistance that
develops may occur following the conversion of GlcCer to higher order gangliosides. It has been
shown that excess GlcCer is metabolized to neutral glycosphingolipids; and gangliosides such as
GM3 were shown to participate in the pathogenesis of insulin resistance.58,59
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Cellular Protection in Carcinomas
Cancer cells are more sensitive to the killing effects of increased ceramide. Accordingly, many 

chemotherapeutic drugs have been developed that work, in part, by increasing ceramide. Some
cancer cells become multidrug resistant by increasing the metabolism of ceramide into GlcCer.60

Several studies have shown that decreasing GCS expression using GCS inhibitors in multidrug 
resistant carcinoma cells enhances the effects of chemotherapeutic drugs.61,62 Blocking GCS in
multidrug resistant cancer cells (NCI/ADR-RES) by siRNA also reversed drug resistance, shown
by enhanced drug uptake and increased ceramide-induced apoptosis.63,64 Not surprising, the 
reverse is seen following overexpression of GCS; drug resistance increased 62,65 as did resistance 
to TNF�-induced apoptosis.65,66 Many researchers in the cancer field are  interested in P-gp, an 
ABC transport protein shown to flip short-chain GlcCer into the Golgi.2 P-gp expression is also
elevated in multidrug resistant cancer cells.67 Gouaze et al68 showed that P-gp expression decreased
following RNA interference or chemical blockade of GCS; however, overexpression of GCS did 
not induce P-gp expression.65 In another study, a short-chain analog of ceramide increased P-gp 
expression, and this effect was  due to the cellular conversion of the analog to GlcCer.69 These data 
suggest a relationship between GicCer, P-gp, and drug resistance in cancer cells. GlcCer has been
show to increase proliferation of normal smooth muscle cells and keratinocytes,33,41 and Gaucher 
disease patients have and increased risk for malignant B and other lymphoid cancers.70,71 It is not 
a far stretch of the imagination to think that increased GlcCer not only protects cancer cells 
from chemotherapy, but may actually enhance tumor growth and malignancy. Thus, blocking the 
conversion of ceramide to GlcCer may be a promising approach to reverse multidrug resistance 
in cancer cells.

Although upregulation of endogenous GlcCer in cancer cells may protect them from death, 
ingestion of soy GlcCer appears to have anticancer effects, demonstrated by the suppression of 
colon cancer growth in mice.72 The apoptotic effects of soy GlcCer may be due to the high amount 
of �8-double bond in the backbone as opposed to mammalian cells that often contain a �4-double 
bond. Soy GlcCer also has high amounts of �-hydroxy fatty acids compared to mammalian cells.73

In addition to soy GlcCer, GlcCer extracted from malt feed (derived from beer brewing waste)
also suppressed growth of skin, lung and liver cancer cells.74 This surprising twist may also be an
anticancer avenue to explore.

Conclusion
Because GlcCer is the precursor to hundreds of downstream glycosphingolipids that have

unique functions, understanding GlcCer function fully has proved difficult. It is clear, however, 
that the presence of GlcCer is essential for normal cellular function and viability of multicellular
organisms. Additionally, transient increases in GlcCer bestow protection to individual cells and to
whole-organisms. For example, GlcCer has been shown to anchor certain proteins to membranes,
serve as an anticoagulant in cardiovascular disease and possibly stroke and is essential for the barrier 
function of our skin. GlcCer is impartial in providing protection, however, because cancer cells also
utilize GlcCer to evade our body’s immune response and the effects of chemotherapeutic drugs. In
comparison to the beneficial effects of temporary GlcCer elevation, sustained high levels of GlcCer 
lead to adverse effects, as noted in patients with Gaucher disease who have a litany of symptoms 
depending on severity of the disease. Some groups are developing tissue-specific knock-downs
of GlcCer �-glucosidase in an effort to tease apart the complex pathology of Gaucher disease.75

Further advancement in the understanding of glycosphingolipid regulation will be of great benefit. 
Future studies aimed at increasing GlcCer in diseased tissues or decreasing GlcCer in cancer will
likely improve the human condition.
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Gangliosides as Regulators of Cell 
Membrane Organization and Functions
Sandro Sonnino and Alessandro Prinetti*

Abstract

Gangliosides, characteristic complex lipids present in the external layer of plasma membranes,
deeply influence the organization of the membrane as a whole and the function of specific
membrane associated proteins due to lipid-lipid and lipid-protein lateral interaction. 

Here we discuss the basis for the membrane-organizing potential of gangliosides, examples of 
ganglioside-regulated membrane protein complexes and the mechanisms for the regulation of 
ganglioside membrane composition.

Introduction
Glycosphingolipids (GSL) are components of all animal cell membranes and, among these,

gangliosides, sialic acid containing compounds, are abundant in the plasma membranes of 
neurons. Ceramide,1 the hydrophobic backbone of all sphingolipids, is constituted by a long 
chain amino alcohol, 2S,3SS R 2-amino-1,3-dihydroxy-octadec-4-ene (sphingosine), linked to a fatty 
acid by an amide bond. The hydrophilic head group of glycosphingolipids is an oligosaccharide 
chain, highly variable due to the sugar structure, content, sequence and connections. Sialic acid2

is the name that identifies all the derivatives of 5-amino-3,5-dideoxy-D-glycero- -D-galacto- -non-2-
-ulopyranosonic acid, or neuraminic acid. Three main sialic acids are known: the 5-N-acetyl-, theNN
5-N-acetyl-9-NN O-acetyl- and the 5-N-glycolyl-derivative. Healthy humans have only the first two,NN 3-6

the 5-N-acetyl derivative being 85-90% of the total. The high Ka and the resulting negative charge NN
confer them a strong amphiphilc character.

Due to the high heterogeneity of the both the hydrophibic and hydrophilic portion,
glycosphingolipids are a very large family of natural compounds as shown in Table 1, were the
main gangliosides from nervous system are reported.

Gangliosides (ganglioside nomenclature is in accordance with the IUPAC-IUBMB
recommendations7) belong to external leaflet of the plasma membrane8 and are highly enriched
in the pre and postsynaptic membranes of the synaptic terminals. With their hydrophilic oligosac-
charide chains, they face the extracellular environment, providing ideal sites of interaction with
extracellular molecules, including toxins, matrix components, adhesion molecules and specific
receptors and enzymes on the surface of adjacent cells (trans interactions). Moreover, they have
proven to be able to laterally interact with proteins belonging to the same membrane, modulating 
their biological functions (cis interactions).9-29

In the last 10 years it has emerged the concept that GSL possess a high potential for the creation of 
lateral order in biological membranes, contributing to the creation and/or stabilization of membrane 
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macro- and microdomains.30 Lipid membrane microdomains, or lipid rafts, areas in the membrane
characterized by a lateral organization dictated by the properties of their lipid components, have 
been involved in several biological events.31-39 The coexistence of lipids in different physical phases
within the same model membrane was probably the first evidence leading to the concept of lipid
rafts. Lipid bilayers at physiological temperature usually exist in a liquid-disordered (ld) phase chardd -
acterized by high fluidity, in which the lipid acyl chains are disordered and highly mobile. Lowering 
the temperature below the melting point freezes the lipid acyl chains in an ordered gel phase with
very limited freedom of movement. Membrane lipids can also exist in a third physical phase, the
liquid-ordered (lo) phase, in which the acyl chains of lipids are extended and ordered, as in the gel
phase, but have higher lateral mobility in the bilayer. The lo phase is stabilized by the presence of 
cholesterol, that fill the hydrophobic gaps between the phospholipid or glycolipid acyl chains.40,41

Lipid rafts and GSL-rich microdomains are more ordered than the ld phase, being in this regardd
similar to a lo or a metastable gel phase.

Lateral phase separation of complex lipids in phospholipid bilayers can be observed in binary 
mixtures of diacyl lecithins differing in chain length and/or saturation42-44 and in ternary mixtures 
of palmitoyloleyl PC, dioleyl PC and cholesterol. However, GSL strongly differ from glycerolipids
for their molecular structure and conformational properties, thus leading to a strong tendency 
to segregate within phospholipid bilayers (reviewed in ref. 41). Gangliosides display the ability 
to associate with a pre-existing ordered domain or to segregate in their own domains, that can 
be distinct from the cholesterol-enriched phase. The segregation of one ganglioside component 
with respect to the other has been observed in mixed micelles of two gangliosides with the same
acyl chain but different hydrophilic headgroups.45,46 Lateral separation of gangliosides also occurs
in one-component as well as in two-component, two-phase phosphatidylcholine bilayers and in 
phospholipid bilayers in the presence of cholesterol and/or sphingomyelin.47-55 The formation of 
separate GM1–enriched and cholesterol-enriched liquid-ordered phases was observed56 in ternary 
sphingomyelin/GM1/cholesterol vesicles and in lipid monolayers.57

Studies conducted on model membranes led to the following statements. (1) The presence 
of an amide nitrogen, of a carbonyl oxygen and of a hydroxyl group at the water/lipid interface
in the common hydrophobic ceramide backbone confers to sphingolipids to act both as donors 
and acceptors for the formation of hydrogen bonds58; this feature is unique for sphingolipids
among complex membrane lipids and the formation of a hydrogen bond network at the water/
lipid interface strongly stabilizes the segregation of a rigid segregated phase enriched in sphingo-
lipids. (2) In the case of GSL, the presence of the bulky oligosaccharide hydrophilic headgroup 
termodinamically favours their segregation within a biological membrane. Phase separation with
clustering of GSL in a phospholipid bilayer is a spontaneous process driven by the minimization
of the interfacial free energy. The interfacial area increases with the size of the oligosaccharide
chain, with a corresponding more pronounced segregation.59-71 These predictions based on the
geometrical parameters of the GSL molecules are experimentally confirmed by the observation 
that phase separation is present in mixed micelles of two different gangliosides45,46 with the same
fatty acid composition and that the extent of ganglioside phase separation in glycerophospholipid
bilayers depend on the surface area occupied by the GSL oligosaccharide chain, that is usually 
increasing with the number of sugar residues.50-52 (3) Membrane complex lipids, in particular 
glycerophospholipids, are highly heterogeneous in their fatty acid composition. The hydrophobic
portion of complex lipids is very heterogeneous, but in sphingomyelin and gangliosides (at least in
the nervous system), saturated acyl chains like palmitic and stearic acid are the main components72

(Table 2). The presence of saturated acyl chains (that can be tightly packed with a high degree of 
order in the hydrophobic core of a bilayer) favours the phase separation of a rigid, liquid-ordered
phase. In the case of GSL, for GM1 it has been shown that distribution in the fluid phase of a 
phospholipid bilayer54 is inversely correlated with the acyl chain length and directly correlated 
with the degree of unsaturation.

These data clearly demonstrate that sphingolipids form laterally separated phases characterized
by reduced fluidity and hydrocarbon chain mobility. An hypothetical model for sphingolipid 
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segregation in cell membranes is presented in Figure 1. Segregation of membrane sphingolipids is
responsible for the creation of less fluid membrane regions, where membrane-associated proteins
can be confined, favouring lateral interactions between sphingolipids and/or proteins that are
segregated in the same lipid domain or preventing interactions between proteins that are associ-
ated with different domains.

Segregation of Membrane Lipids and Detergent-Resistant
Membrane Domains

The interest for lipid membrane domains became very strong when many proteins deputed
to cell signaling were found to be preferentially associated with an environment of lipids highly 
enriched in sphingolipids and cholesterol. The possible role of lipid membrane domains in the 
transport of GPI-anchored proteins from the Golgi apparatus to the apical plasma membrane of 
polarized cells originated the now widely used term “lipid rafts”.73

Originally, the existence of a membrane fraction characterized by a peculiar lipid composition
leading to a liquid-ordered or highly organized phase was operationally defined on the basis of the
insolubility in aqueous nonionic detergents.74 Most components of the cell membrane are solu-
bilized by detergents.75 In contrast, many cellular components are insoluble in nonionic (Triton 
X-100) under certain experimental conditions. After detergent treatment, the detergent insoluble 
membrane domain can be separated from the rest of the cell thanks to its relative light density 
(due to its richness in lipids),74 using continuous or discontinuous density gradients. Low-density,
detergent-insoluble fractions were isolated from a wide variety of cultured cells, including almost all 

Figure 1. The scheme shows the different metabolic pathways that determine the membrane 
ganglioside content and pattern. Neo-biosynthesis occurs through the ER and Golgi apparatus
the, but shedding of vesicles and monomers, together with a sialidase-sialyltransferase cycle
participate to determine the finale ganglioside content and composition of the membrane.
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mammalian cell types76-91 and tissues92-98 investigated so far, yeasts99 and protozoans.100 In following 
time, a wide range of different detergents95,96,101,102 was used and several “detergent-free” procedures 
for the separation of low-density membrane fractions corresponding to lipid membrane domains 
were developed.103,104 When comparatively analyzed, low-density membrane fractions obtained
after cell lysis under the dramatically different experimental conditions described above, are very 
similar but not identical.77,90,91,105-116 Low-density membrane fractions always contain a highly 
resistant supramolecular structure possible corresponding to the native core of lipid membrane
domains suggesting that the low-density membrane fraction composition correspond to that of 
physiological lipid membrane domains and that it is not determined by a random rearrangement of 
cell components induced by the experimental conditions used. Nevertheless, it cannot be excluded 
that the differences observed by some Authors might be simply due to contingent situations, since 
the standardization of the experimental procedures is sometime difficult and the overall composition
of DRM fractions or the association of specific molecules with it seem to be affected by even tiny 
modifications of several conditions, including agents used for membrane disruption,77,93,95,98,101,104,110

mechanical procedures used to obtain or aid membrane solubilization,110 temperature74,101,116,117 and 
ratio between detergent and biological material.98,118 However, several studies indicate that at least
in some cases the differences observed in the composition of low density DRM fractions isolated 
by different methods might reflect the existence of different levels of order within lipid membrane
domains and/or of biochemically distinct lipid membrane domains within the plasma membrane
of the same cell. This is particularly clear if the results obtained by the use of different detergents are 
compared.74,101,119-122 Thus, differential detergent solubilization might prove to be a powerful tool 
to study different lipid membrane domain subpopulations.

The existence of lipid membrane domains in natural cell membranes was suggested by the
observation that glycosphingolipids at the cell surface form clusters, which have been visualized by 
immuno-electron microscopy using antiglycosphingolipid antibodies.79,123-126 Several approaches, 
relying on more advanced technologies including single-particle tracking or single fluorophore 
tracking microscopy,127-132 fluorescence recovery after photobleaching,133 fluorescence resonance 
energy transfer134,135 and atom force microscopy136 are now available allowing the detection and

Table 2.  Ratio between the components of sphingolipid-cholesterol enriched 
membrane fraction in rat cerebellar granule cells differentiated in culture

Molar Ratio,
Gangliosides as 1

Molar 
Ratio,%

Asymmetry,
Layer

Proteins 0.04 0.26 Both, largely inner

Ceramide 0.20 1.32 Outer

Sphingomyelin 1.40 9.20 Outer

Gangliosides 1.00 6.63 Outer

Phosphatidylcholine 7.00 46.45 Outer

Plasmalophosphatidylcholine 0.01 0.07 Outer?

Phosphatidylserine 0.40 2.65 Inner

Phosphatidylethanolamine 0.70 4.64 Largely Inner

Plasmalophosphatidylethanolamine 0.10 0.66 Inner?

Phosphatidylinoisitol 0.10 0.66 Largely Inner

Phosphatidylinoisitolmonophosphate 0.01 0.07 Inner

Phosphatidylinoisitoldiphosphate 0.01 0.07 Inner

Cholesterol 4.10 27.21 Both, largely inner
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the study of lipid membrane domains in intact cell membranes.137,138 However, these techniques
are very heterogeneous and and data obtained with different approaches are sometime conflict-
ing. As example, there is no agreement on their average size that ranges from 26 nm to about 2 
	m.129,133,135,136,139-144

Lipid Membrane Domain Functions
Gangliosides and Lipid Membrane Domains in the Nervous System

Neuronal and glial lipid membrane domains, prepared from cultures of neural cells or ner-
vous tissues118,145,146 are rich in gangliosides, sphingomyelin, cholesterol and proteins involved in
mechanisms of signal transduction that are relevant for neuronal functions.90,91,94,102,106,108,117,147-168

Lipid membrane domains in the nervous system cells has been involved in neurotrophic factor
signaling,149-152 cell adhesion and migration,150,158,162 axon guidance, synaptic transmission,150,157

neuron-glia interactions163,164 and myelin genesis.165 The involvement of lipid membrane domains
in neuronal and glial signal transduction includes several different ways: 1) receptors and effec-
tor proteins permanently resident in lipid membrane domains can be activated, giving rise to
signal propagation that involves other components intrinsically present in the lipid membrane 
domain. Examples are neurotrophin receptors of the trk family, EGFR, PDGFR, p75NTR, 
GFR�149-152 and the neural cell adhesion molecule TAG-1.106,166,169 Src family tyrosine kinases 
are among the effector signaling proteins that are most commonly engaged in these cases; 2) the 
activation of membrane receptors is followed by the recruitment to lipid membrane domains 
of receptors themselves or effector signaling proteins that are not located in lipid membrane 
domains under basal conditions, or, the activation of receptors that are associated with lipid
membrane domains under resting conditions determines their translocation outside lipid mem-
brane domains. Examples of the former are the receptor tyrosine kinase c-Ret, recruited into lipid
membrane domains by its GPI-anchored coreceptor GFR�149,150,152 and the neuronal adhesion
receptor NCAM, recruited into lipid membrane domains by cis- or trans- interaction with its 
membrane bound, GPI-anchored ligand, prion protein.162

Both modes implies changes in the reciprocal interactions of lipid membrane domain compo-
nents. Changes in the lipid and/or protein composition of lipid membrane domains and in the
interactions of the lipid (in particular glycosphingolipid) components with specific proteins of 
functional relevance could thus be very relevant during the process of neuronal adhesion, survival,
migration, differentiation and senescence.

Properties of lipid membrane domains from rat cerebellar granule cells at different stages of 
development in culture are available.72 The surface occupied by these structures increased during 
development, with the maximum ganglioside density in fully differentiated neurons. On the other 
hand, a high content of ceramide was found in the domains of aging neurons. The sphingolipid/
glycerophospholipid molar ratio was more than doubled during the initial stage of development, 
corresponding to axonal sprouting and neurite extension, whereas the cholesterol/glycerophos-
pholipid molar ratio gradually decreased during in vitro differentiation. Phosphorylated phos-
phoinositides were very scant in the domains of undifferentiated cells and dramatically increased
during differentiation and aging.

Src family protein tyrosine kinases, (c-Src, Lyn and Fyn) known to participate to the process of 
neuronal differentiation, were associated with the lipid membrane domains in a way specific for the
type of kinase and for the developmental stage of the cell.72 Within the lipid membrane domains,
ganglioside GM3 has been found closely associated with c-Src and Csk in neuroblastoma Neuro2a 
cells90 and GD3 associated with Src-family kinase Lyn and the neural cell adhesion molecule TAG-1 
in rat brain94,169 and cerebellar granule cells. In these cells, a complex lipid environment character-
ized by the presence of many ganglioside species and other membrane lipids (mainly cholesterol 
and dipalmitoylphosphatidylcholine) is essential for the interaction with the domain of c-Src, Lyn,
Fyn, TAG-1 and prion protein.72,102,117,148 The presence of Src family nonreceptor tyrosine kinases 
in lipid membrane domains of neurons is particularly interesting, because many facts indicate that 
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c-Src and other kinases of this family are important in the process of neuronal differentiation and
in neuronal function.170-177 As mentioned above, in neuroblastoma Neuro2a cells, c-Src and Csk,
are associated with GM3 ganglioside within lipid membrane domain and neuritogenic concen-
tration of gangliosides are able to induce c-Src activation followed by mitogen-activated protein 
kinases activation.90 In these cells, anti-GM3 antibody is also able to induce differentiation.174 In rat 
cerebellum and cerebellar neurons, GD3 ganglioside is associated with Lyn and the neural cell 
adhesion molecule TAG-1 and antibody-mediated cross-linking of TAG-1 or GD3 induce Lyn 
activation.94,106,169 Glycosphingolipids were essential for TAG-1-dependent signaling via Lyn and for
the maintenance of the differentiated neuronal phenotype, since incubation of cerebellar neurons
with the glycosphingolipid-degrading enzyme endoglycoceramidase in the presence of its activator
protein reduced the levels of cell surface glycosphingolipids, caused the redistribution of TAG-1
from nondomain membranes to the lipid membrane domain fraction, abolished TAG-mediated
Lyn activation and consequent phosphorylation of p80 and induced neurite retraction.169

A possible role of lipid membrane domains in the pathogenesis of spontaneous and transmis-
sible neurodegenerative diseases was recently highlighted by the discovery that a number of mol-
ecules causally connected to such diseases are associated with these domains. The most prominent
examples are represented by the amyloid precursor protein (APP) in Alzheimer’s disease and by 
the prion protein. In both cases, the generation of the aberrant forms of these proteins, which are 
responsible for the onset of the disease, seems to be localized in the lipid membrane domains and/
or dependent from the structure of the domain itself.178,179

The Glycosynapse
Altered GM3 ganglioside expression plays a multiple role in the control of tumor cell motil-

ity, invasiveness and survival. Adhesion of B16 melanoma cells (expressing high levels of GM3) 
to endothelial cells, that express LacCer and Gg3, is mediated by GM3-LacCer or GM3-Gg3 
interaction and leads to enhanced B16 cell motility and thereby initiates metastasis.105,180 GM3 is
highly expressed in noninvasive, superficial bladder tumors compared with invasive bladder tu-
mors, where the activities of glycosyltransferases responsible for GM3 synthesis were consistently 
upregulated.181,182 Enhanced GM3 expression achieved by pharmacological treatment with brefeldin 
A,181,183 or the exogenous administration of GM3182 suppressed the tumorigenic activity and/or 
the invasive potential of human colonic and bladder tumor cell lines and the stable overexpression 
of GM3 synthase in a mouse bladder carcinoma cell line reduced cell proliferation, motility and
invasion with concomitant increase in the number of apoptotic cells.184 High expression levels
of GM3 with concomitant expression of the tetraspanin CD9 in colorectal185,186 and bladder181

cancer cell lines inhibited Matrigel and laminin-5-dependent cell motility.
At the molecular level, GM3 control on the properties of tumor cells requires a complex 

supermolecular membrane organization that defines highly specialized detergent-insoluble
lipid membrane domains. The term “glycosynapse” has been proposed by S. Hakomori187,188 to 
generally describe a membrane microdomain involved in carbohydrate-dependent adhesion.
Carbohydrate-dependent adhesion in glycosynapse, occurring through GSL-GSL interactions 
or through GSL-dependent modulation of adhesion protein receptors (such as integrins) leads
to signal transduction events reflecting in deep changes in the motility and invasiveness of tumor 
cells. In the case of GM3-dependent adhesion of melanoma cells, it has been shown that GM3 is 
closely associated with c-Src, Rho and Ras within glycosphingolipid-enriched membrane domains 
and binding with Gg3 or anti-GM3 antibody stimulates focal adhesion kinase phosphorylation and
c-Src activity.105 This molecular assembly defines a classically Triton X-100 insoluble GSL-enriched
microdomain (“glycosynapse 1”), that can be isolated and separated from a caveolin-containing 
low-density membrane fraction in B16 cells.189 A similar association between a sialoglycolipid and
c-Src and other related signaling molecules was observed for GM3 also in neuroblastoma cell,90 for 
disialylgalactosylgloboside in renal carcinoma cells190 and for monosialyl-Gb5 in breast carcinoma 
cells.191 Tetraspanin CD9 and integrin�3 or�5 also are colocalized within a distinct low-density,
Brij 98-insoluble glycolipid-enriched domain (“glycosynapse 3”). The presence of GM3 positively 
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modulated CD9/integrin association. In fact, association between CD9 and integrin in the Chinese 
hamster ovary mutant cell line ldlD14 (deficient in UDP-Gal-4-epimerase) has been shown by 
co-immunoprecipitation experiments when cells were grown in the presence of galactose, allowing 
GM3 synthesis, or supplementing cells with exogenous GM3 Colocalization of CD9,�3 and GM3
in cells was observed in intact ldlD14 cells in the presence but not in the absence of galactose.192 The
formation of �3/CD9/GM3 complexes strongly inhibited the laminin-5-dependent motility in
ldlD14 cells. On the other hand, it has been shown that CD9/GM3 complexes are essential for the 
regulation of integrin-mediated cell adhesion and signal transduction in oncogenic transformation,
suggesting a crucial role for GM3 complexed with CD9 and integrin �3�1 or �5�1 in the control 
of tumor cell motility and invasiveness. v-Jun-transformed mouse and chicken embryo fibroblasts
were characterized by lower GM3 levels and down—regulated GM3 synthase mRNA levels respect 
to the nontransformed counterparts.193 Reversion of oncogenic phenotype of v-Jun-transformed 
cells to normal could be achieved by enhanced GM3 synthesis through its gene transfection.
When v-Jun-transformed cells were transfected with GM3 synthase expression plasmid, leading 
to increased GM3 synthase activity and GM3 cellular levels, their ability anchorage-independent 
growth in agar was strongly reduced. During phenotypic reversion induced by GM3 synthase 
transfection, the association of CD9/�5�1 complex (shown by co-immunoprecipitation and 
confocal microscopy experiments) was increased. Remarkably, the N-glycosylated form of �1 in-
tegrin was preferentially associated with the complex in GM3 synthase gene transfectants.193 GM3
levels were 4-5 times higher in the noninvasive KK47 cell line (originated from superficial human
bladder cancer) than in the invasive YTS1 human bladder cancer cell line. Knock down of CD9 or 
pharmacologically achieved GM3 depletion in KK47 cells induces the phenotypic conversion to
invasive variants. On the other hand, exogenous GM3 addition induces the phenotypic reversion
of the highly invasive and metastatic cell lines YTS1 to low motility variants. The changes in cell
motility were strictly correlated with the association of CD9 with�3 integrin. This interaction was 
higher in nonivasive than in highly invasive cells and was modulated by the cellular levels of GM3: 
CD9/�3 integrin association was reduced by GM3 depletion in KK47 and conversely enhanced
by exogenous GM3 addition in YTS1 cells. GM3 levels in glycosynapse controls not only CD9/
�3 integrin association, but also the activation state of c-Src. c-Src is present in higher amount in
the glycosynapse fraction in YTS1 cells and it is activated in cells with low GM3 levels and high
invasive potential (YTS1 or GM3-depleted KK47). On the other hand, exogenous addition of 
GM3 to YST1 cells caused Csk traslocation to the detergent-insoluble fraction and consequent
inactivation of c-Src, influencing cell motility.194

GM3 and EGF Receptor
The function of growth factor receptors can be modulated by gangliosides13 and lon time

ago epidermal growth factor receptor (EGFR) was identified as the target of the inhibitory 
action of GM3.195 GM3 inhibited EGFR autophosphorylation without competing with EGF
for receptor binding13,196,197 and without affecting receptor dimerization.198 The sialyllactose 
oligosaccharide is essential for ganglioside-receptor interaction and that the substitution with 
any other sugar negatively affects the binding.199 However, the molecular basis of this inter-
action has been only recently fully elucidated, emphasizing the importance of side-by-side 
carbohydrate-carbohydrate interactions between GM3 oligosaccharide and a N-linked glycan 
bearing multiple GlcNAc terminal residues on the receptor.200,201 GM3/EGFR interaction is 
facilitated by the enrichment of EGFR in classical ganglioside-enriched, cholesterol-sensitive, 
Triton X-100 insoluble membrane domains.202,203 However, other GSL- and lipid raft-dependent 
factors can affect EGFR function. Caveolae and caveolin-1 are involved in the modulation 
of EGFR signaling204,205 and EGFR is localized within a caveolin-rich fraction in A431 cells.
However, EGFR-containing membrane fragments can be separated from caveolae.110,206 In a 
keratinocyte-derived cell line, GM3 overexpression induced a shift of caveolin-1 to EGFR-rich 
membrane regions, allowing its functional interaction with the EGFR receptor, that caused 
inhibition of EGFR tyrosine phosphorylation and dimerization.207 Thus, GM3 influences EGFR 
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signaling by a second distinct molecular mechanism modulating EGFR/caveolin-1 association.
Moreover, GM3 negatively regulates as well the ligand-independent cross-talk of EGFR with 
integrin receptor signaling, disrupting when accumulated in cultured cells, the interaction of 
integrin �1 subunit with EGFR.208

GM3, Caveolae and the Regulation of Insulin Receptor and PDGF Receptor
Insulin receptors (IR) are present in detergent-resistant membranes from normal adipocytes209

and localized in caveolae in intact cells,210 where the �-subunit of IR interacts with caveolin-1
through a binding motif recognizing the scaffold domain of caveolin-1.211 IR can form distinct 
complexes with caveolin-1 and GM3 within lipid membrane domains.212 The interaction between 
GM3 and IR is direct and specific and was abolished in IR mutants where the lysine residue at 944
was replaced with arginine, valine, serine, or glutamine, suggesting that an electrostatic interaction
between the negatively charged sialyllactose chain of GM3 and the positively charged amino group 
of lysine 944, located in close proximity to the transmembrane domain sequence of IR, is essential 
for the formation of the GM3/IR complex. In 3T3-L1 adipocytes, the induction of insulin resis-
tance by treatment with TNF� was accompanied by the upregulation of GM3 synthase, leading 
to an increase of cellular GM3,210,213 that accumulated in detergent-resistant membranes. In insulin
resistance, the association of IR with GM3 was increased, while its association with caveolin-1
was decreased, indicating that the excess amount of GM3 in lipid membrane domains leads to the
displacement of IR from the complex with caveolin-1, thus suggesting that the regulation of IR/
caveolin-1 by GM3 could be responsible for the changes in insulin response in adipocytes.212

A similar regulatory mechanism has been recently observed for PDGFR.214 Overexpression 
of the N-terminal domain of PAG, caused the accumulation of GM1 at the cell surface, with the 
consequent displacement of PDGFR from caveolin-rich fractions and caveolae, without altering 
the caveolar distribution of caveolin-1. The same redistribution of PDGFR has been observed after 
incubation of cells with exogenous GM1. Increased GM1 cellular levels lead to the displacement 
of another growth factor receptor, PDGF, from caveolae,214 negatively regulating Src mitogenic 
signaling. However, in this case it is not known whether the formation of a PDGFR-GM1 com-
plex is required for its uncoupling from caveolae. Since caveolin-1 can direct bind sphingolipids,
including GM1, in this case it cannot be excluded that GM1 forms a complex with caveolin-1, or
that an enrichment in GM1 inside the caveola induces a deep reorganization of caveolar membrane, 
thus excluding PDGFR from caveolae.

The Regulation of Glycosphingolipid Composition of the Plasma 
Membranes

Changes in the glycosphingolipid composition of the plasma membrane would predictably 
lead to very important biological consequences, thus all mechanisms possibly contributing to
these changes have a high functional significance. Changes in the activities of enzymes of the
biosynthetic pathway residing in Golgi apparatus have been associated with the changes in
GSL expression that are associated with neoplastic transformation or neuronal differentiation. 
However, both catabolic and biosynthetic enzymes for glycosphingolipids have been found
associated with the plasma membranes, thus local mechanisms for the regulation of the gly-
cosphingolipid composition of plasma membranes or restricted plasma membrane areas could 
be very important. The membrane-bound sialidase Neu3 has been identified and cloned215-217

and its trans activity in modifying the structure of gangliosides of adjacent cells has been 
proven.218-220 Moreover, the presence of sialyltransferase activities at the cell surface has been 
also reported.221-225 Thus, sialylation/desialylation cycles might be very important mechanisms
responsible for rapid and possibly transient changes of the plasma membrane ganglioside con-
tent and pattern. The presence of other active glycosylhydrolases, �-glucosidase,�-galactosidase
and �-hexosaminidase,220,226 in the plasma membrane has been demonstrated, implying that
local hydrolysis of glycosphingolipids at the cell surface might represent a general mechanism
for the control of glycosphingolipid composition. Moreover, gangliosides, as well as the other 
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sphingolipids, can be released from the cell surface in different forms, including shedding 
vesicles,227-229 whose controlled release from specific sphingo(glyco)lipid-enriched membrane
areas, could represent a further way to modify the lipid membrane domain composition and
organization. The mechanisms responsible for he control of plasma membrane glycosphingolipid
composition are depicted in Figure 2.

Figure 2. The figure shows the possible distribution of lipids belonging to the outer layer of a
lipid raft according to the pattern reported in Table 2. According to the well known concept
that the outer layer requires a larger surface with respect to the inner layer, that sphingolipids
and phosphatidylcholine are components of the outer layer and all together cover about 60% 
of the total lipid raft content, the larger portion of cholesterol must be located in the inner layer. 
This is in agreement with published data.230,231 Protein are not shown, but the larger portion 
should be associated to the inner layer, the main proteins recognised in lipid rafts, at least from 
a quantitative point of view, being those of cytoskeleton.166,232,233 In the panels only the elements 
inserted in the square belong to the lipid rafts. The left panel shows a random distribution of 
phosphatidylcholine, sphingomyelin, ceramide, gangliosides and a few molecules of cholesterol. 
These molecule must be organised as separated phases. We present three different possibility
in the right portion of figure. The upper panel shows five different area each one covered by 
the same species. The central panel shows all the sphingolipids in a single phase. The lower 
panel shows a phase where some phosphatidylcholine is distributed within sphingolipids. This 
lipid distribution has been experimentally proved.52 Specific sphingolipid-protein interactions
can modify this phase separation promoting subdomain organization.
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Conclusion
In this chapter, we describe the properties of gangliosides that underlie their roles as 
organizers of membrane organization and function. The potential for gangliosides 
in determining the properties of specific membrane areas characterized by a selective
enrichment in these lipids as well as their ability to engage specific lateral interactions
with membrane proteins have been discussed with the aid of examples covering the recent 
literature. In addition, we discussed the possibility that several metabolic pathways could
affect the local ganglioside composition of specific membrane districts, thus regulating 
signaling pathways originated within these membrane regions.
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Abstract

Ceramide and sphingosine-1-phosphate are related sphingolipid metabolites that can be 
generated through a de novo biosynthetic route or derived from the recycling of membrane 
sphingomyelin. Both these lipids regulate cellular responses to stress, with generally oppos-

ing effects. Sphingosine-1-phosphate functions as a growth and survival factor, acting as a ligand
for a family of G protein-coupled receptors, whereas ceramide activates intrinsic and extrinsic
apoptotic pathways through receptor-independent mechanisms. A growing body of evidence has 
implicated ceramide, sphingosine-1-phosphate and the genes involved in their synthesis, catabo-
lism and signaling in various aspects of oncogenesis, cancer progression and drug- and radiation
resistance. This may be explained in part by the finding that both lipids impinge upon the PI3K/
AKT pathway, which represses apoptosis and autophagy. In addition, sphingolipids influence cell
cycle progression, telomerase function, cell migration and stem cell biology. Considering the cen-
tral role of ceramide in mediating physiological as well as pharmacologically stimulated apoptosis,
ceramide can be considered a tumor-suppressor lipid. In contrast, sphingosine-1-phosphate can
be considered a tumor-promoting lipid, and the enzyme responsible for its synthesis functions
as an oncogene. Not surprisingly, genetic mutations that result in reduced ceramide generation,
increased sphingosine-1-phosphate synthesis or which reduce steady state ceramide levels and 
increase sphingosine-1-phosphate levels have been identified as mechanisms of tumor progression
and drug resistance in cancer cells. Pharmacological tools for modulating sphingolipid pathways
are being developed and represent novel therapeutic strategies for the treatment of cancer.

Introduction
Over the past twenty years, lipid metabolites have become recognized for their participation in

membrane functions and signaling events that control a wide array of cellular activities. Two major 
sphingolipid metabolites, ceramide and sphingosine-1-phosphate (S1P), are involved in signal-
ing pathways that regulate cell proliferation, apoptosis, motility, differentiation, stress responses,
protein synthesis, carbohydrate metabolism, innate and adaptive immunity and angiogenesis.1

Ceramide and S1P exert opposing effects on cell survival, ceramide being pro-apoptotic and S1P 
generally promoting cell survival. In relation to their influence over cell fate, these two lipids and
the proteins that mediate their signaling functions and metabolism have been implicated in vari-
ous aspects of tumor biology and chemo- and radio-resistance. This review will summarize the
main steps of sphingolipid metabolism and our current understanding of the interactions between 
ceramide, S1P and the cellular pathways that control cell fate. Recent in vitro and in vivo evidence
supporting the roles these lipids play in oncogenesis, tumor progression and cancer therapeutics 
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will be discussed. Readers interested in other aspects of sphingolipid metabolism and signaling 
are referred to several excellent recent review articles.2-7

Sphingolipid Metabolism
Ceramides are a class of hydrophobic molecules that contain a fatty acid moiety linked to sphin-

gosine or a related long chain base.8 Ceramides are the basic constituents of higher order sphingolipids
and also serve as bioactive intermediates that promote cell death. Ceramide is generated via a de novo
biosynthetic pathway that is initiated by a condensation reaction between serine and palmitoyl CoA 
catalyzed by the essential enzyme serine palmitoyltransferase (SPT), resulting in the formation of 
3-oxo-sphinganine (Fig. 1). The NADPH-dependent enzyme 3-oxo-sphinganine reductase converts 
3-oxo-sphinganine to dihydrosphingosine. The latter is converted into dihydroceramide via an acyla-
tion reaction catalyzed by dihydroceramide synthase, encoded by the CerS genes, formerly known 
as LASS genes. Oxidation of dihydroceramide by dihydroceramide desaturase generates ceramide. 
Ceramide may be converted to sphingomyelin by sphingomyelin synthase, which catalyzes the transfer 
of phosphocholine from phosphatidylcholine to ceramide.9 Alternatively, ceramide may be modi-
fied via the addition of carbohydrate groups at the carbon 1 position by glucosylceramide synthase
or galactosyl ceramide synthase and subsequent biochemical steps to generate glycosphingolipids.
Ceramide can also be generated through a recycling pathway known as the “sphingomyelin cycle”.10

This process involves the hydrolysis of plasma membrane sphingomyelin, yielding ceramide and 

Figure 1. Sphingolipid metabolism. The de novo pathway for generation and degradation of 
sphingolipids is depicted along with the enzymes that catalyze each step and their inhibitors. SPT,
serine-palmitoyl transferase; DHCD, dihydroceramide desaturase; SphK, sphigosine kinase; S1P 
P’ase, S1P phosphatase; GCS, glucosyl ceramide synthase; PPMP, 1-phenyl-2-palmitoylamino-
3-morpholino-1-propanol; PDMP, l-threo-1-phenyl-2-decanoylamino-3-morpholino-1-propanol;
DMS, dimethyl sphingosine; 4-HPR, N-(4-hydroxyphenyl) retinamide; OEA, oleylethanolamide;
MAPP, 2-(N-myristoylamino)-1-phenyl-1-propanol.



187Sphingolipids and Cancer

phosphorylcholine. Sphingomyelinases are specific phospholipases that carry out this reaction.11 Three
different categories of sphingomyelinases have been characterized, based on their distinct pH optima. 
Similar hydrolytic reactions may generate ceramide from other higher order sphingolipids.12 Ceramide
generated through de novo biosynthesis or sphingolipid recycling can be deacylated by ceramidases, 
giving rise to the long chain base sphingosine. Sphingosine is a bioactive lipid which inhibits cell cycle 
progression and/or promotes apoptosis, depending upon the cell type.13 Sphingosine is phospho-
rylated through the actions of sphingosine kinases (SK), encoded by SK1 and SK2, producing the 
mitogenic signaling lipid, S1P.14 S1P can be recycled back to sphingosine by lipid phosphatases.4 15,16

Alternatively, it can be irreversibly degraded by the enzyme S1P lyase (SPL), producing ethanolamine
phosphate and hexadecenal.17

Ceramide Generated via Different Biochemical Routes Can Induce
Apoptosis

Neutral sphingomyelinase (N-SMase) is found in the plasma membrane, cytoplasm and the 
cell nucleus.18,19 N-SMase has been implicated in cell death mediated by many stimuli including 
serum starvation,20 hypoxia,21 ethanol,22 nitric oxide (NO),23 reactive oxygen species (ROS) and 
chemotherapeutic agents such as daunorubicin24 and etoposide.25 In glioma cells treated with 
etoposide, activation of N-SMase was shown to occur downstream of p53-mediated ROS forma-
tion.26 N-SMase is activated by arachidonate,27 IL-1� and TNF�R1,28 iPLA2�,29 radiation30,31

and other cellular stimuli but is inhibited by glutathione, which is cytoprotective.32 These studies
establish N-SMase as a central responder to cytokine- and stress-induced cell death.33

Acidic sphingomyelinase (A-SMase) is a lysosomal enzyme. An inherited deficiency of A-SMase 
activity is responsible for the lipid storage disorder Niemann–Pick disease (types A and B).34 It was 
shown as early as 1996 that lymphoblasts from Niemann–Pick patients are resistant to apoptosis 
induced by ionizing radiation.35,36 This observation served as a prelude to subsequent knockout
mouse experiments revealing the significant role that A-SMase plays in mediating radiation-induced 
apoptosis through the generation of intracellular ceramide. A-SMase is upregulated by signaling 
events linked to induction of apoptosis including TNF� receptor ligation,37 UV-irradiation,38 and
ischemia.39 A-SMase can also be secreted to the extracellular space.40 In a small study of patients 
receiving spatially fractionated high dose radiation, secretory SMase and ceramide increased in 
serum in response to radiation treatment and elevation of these markers correlated with clinical
response.41 Although there have been no reports of A-SMase mutations in human cancers, an 
A-SMase-like protein was found to be elevated in bladder cancer.42

Alkaline sphingomyelinase activity is localized in the epithelial cells of the small intestines.43 The
enzyme hydrolyses sphingomyelin in both intestinal lumen and the mucosal membrane in a bile
salt-dependent manner.44 There is currently no direct evidence demonstrating that alkaline sphin-
gomyelinase promotes cell death. However, the enzyme was recently found to be downregulated 
in colon cancer and aberrant forms of the enzyme with reduced activity have been associated with 
liver tumors, raising the possibility that ceramide generated in the enteric system by this enzyme 
could have an influence on gastrointestinal tumor biology.45

The identification of the sphingomyelin cycle represented the first causal connection between 
ceramide and cell fate. Later studies demonstrated that ceramide generated through the de novo
pathway can also promote apoptosis. A recent study by Bose and colleagues showed that the 
anticancer drug daunorubicin induces apoptosis in P388 and U937 leukemia cells by increas-
ing ceramide levels.46 The elevation in ceramide and apoptosis could be abrogated by addition
of fumonisin B1, an inhibitor of ceramide synthase, indicating that de novo ceramide synthesis 
and not sphingomyelin hydrolysis, was required for daunorubicin-mediated cell death. Another
study demonstrated that treatment of HL60 leukemia cells with H2O2 increased the intracellular
levels of ceramide and sphinganine.47 Neither the levels of sphingomyelin nor sphingomyelinase
activity were affected by H2O2 treatment, which indirectly suggested that H2O2 treatment may 
be activating the de novo pathway. Numerous additional examples of de novo ceramide synthesis
contributing to apoptosis have been reported.48-52
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Ceramide as a Mediator of Cell Death by Chemopreventive Agents
In addition to its role in promoting radiation- and chemotherapy-induced apoptosis, ceramide 

has been implicated in mediating the effects of chemopreventive agents including curcumin,
resveratrol and nonsteroidal anti-inflammatory drugs. A number of reports have ascribed an an-
ticarcinogenic effect and pro-apoptotic functions to curcumin, a polyphenol found in the spice 
turmeric. Moussavi et al53 recently demonstrated that curcumin induces ceramide generation and
apoptosis in colon cancer cells. As apoptosis could be partially inhibited by myriocin, an inhibi-
tor of SPT, it was concluded that ceramide generation via the de novo pathway was responsible.53

Resveratrol is a natural antioxidant found in grapes and wine that may potentially act as an anti-
cancer agent.54 Resveratrol affects key targets involved in the regulation of cell cycle progression 
and apoptosis. For example, DU145 cells resistant to radiation became sensitive upon pretreatment
with resveratrol. The sensitization effect of resveratrol was due to the induction of de novo synthesis 
of ceramide, since myriosin blocked the cell death caused by resveratrol/radiation.55 Nonsteroidal 
anti-inflammatory drugs (NSAIDs) comprise an important class of chemopreventive agents cur-
rently in use to protect patients prone to colon cancer. Studies indicate that NSAIDs stimulate 
ceramide production, which may contribute to their anticancer effects.56

Ceramide Influences Both the Intrinsic and Extrinsic Apoptotic 
Pathways

Apoptosis can be elicited in cells through two major routes, an extrinsic route initiated through 
activation of cell surface receptors such as TNF�R1 and Fas and an intrinsic route that is activated 
by permeabilization of the outer mitochondrial membrane via pro-apoptotic members of the Bcl-2 
protein family (Fig. 2). Both pathways converge on caspases, which are responsible for executing 
subsequent steps in the apoptotic program.

Numerous studies have shown that ceramide promotes apoptosis through the mitochondrial 
pathway, in part due to its effects on Bcl-2 family proteins.57-62 The Bcl-2 family can be subdivided 
into anti-apoptotic members such as Bcl-2 and Bcl-x(L) and pro-apoptotic family members such as
Bcl-x(s), Bax, Bak, Bok, Bad, Bik, Bid, Puma, Bim, Bmf and Noxa. The posttranscriptional process-
ing of the Bcl-x gene determines whether anti-apoptotic Bcl-x(L) or pro-apoptotic Bcl-x(s) will be 
expressed.63 The Bcl-x splice variant, Bcl-x(s), is produced by activation of an upstream 5� splice site
within Bcl-x exon 2. Importantly, ceramide was shown to regulate the 5� splice site selection within 
the Bcl-x exon 2.64 Treatment of A549 lung adenocarcinoma cells with cell-permeable ceramide 
and/or agents that induce the synthesis of de novo ceramide downregulated Bcl-x(L) mRNA and 
protein levels and concomitantly increased Bcl-x(s) mRNA and protein.64 This effect correlated 
with increased sensitivity of A549 cells to daunorubicin. Furthermore, A549 cells resistant to 
chemotherapeutic agents and cell-permeable ceramides demonstrated increased Bcl-x(L) levels. 
Others have reported that UV light-induced Bax activation and ensuing cytochrome C release
and apoptosis, require the actions of A-SMase.38 Thus, in HeLa cells treated with siRNA against
A-SMase or in A-SMase�/� cells from NPD patients, UV light induction of Bax conformation
change was drastically reduced. Further, restoration of A-SMase or addition of exogenous ceramide
to A-SMase-deficient cells restored the UV pro-apoptotic response. These findings suggest that ce-
ramide activates the intrinsic apoptotic pathway through its effects on Bcl-2 family proteins.38,64

Apoptosis can also be activated through the extrinsic, or death receptor pathway (Fig. 2). TNF
receptor 1 and other members of the TNF family initiate this process when activated by ligand.
Once activated, these receptors interact with an adaptor protein called FADD, leading to assembly 
of a protein complex that activates caspase-8, which in turn cleaves and activates the Bcl-2 family 
member, Bid. Bid then translocates to the mitochondrial outer membrane, initiating the intrinsic 
apoptotic pathway. Interestingly, Bid can also be cleaved by the lysosomal aspartate protease, 
capthepsin D. It was recently established that activation of cathepsin D by TNF� requires A-SMase 
activity.65,66 Further, ceramide was shown to bind directly to cathepsin D, causing autocatalytic 
proteolysis of the pre-pro-cathepsin D to form the enzymatically active isoforms of the enzyme,
thereby implicating ceramide in regulation of Bid processing.
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Lastly, some of ceramide’s effects may be due to its biophysical properties and influence
on membrane organization. Endogenous ceramide aggregates into membrane microdomains,
known as lipid rafts.67,68 These ceramide-enriched domains serve to cluster activated receptor
molecules such as the Fas receptor67 and may thereby facilitate receptor-mediated (extrinsic
pathway) apoptotic signaling events. Whether S1P exerts additional or opposing effects on 
membrane organization remains to be determined.

Sphingosine-1-Phosphate as a Counterbalance to Ceramide
Sphingosine 1-phosphate (S1P) is the final common product of sphingolipid catabolism,

produced via phosphorylation of sphingosine by SK. S1P signaling inhibits apoptotic pathways,
stimulates the proliferation, differentiation and migration of various cell types and promotes the 
development and maturation of nascent blood vessels, including tumor vessels.22,69-72 These effects 
are due to the ability of S1P to promote homotypic and heterotypic cell-cell interactions. S1P 
signaling is also required for lymphocyte egress from peripheral lymphoid organs and inhibition 
of this pathway using the pharmacological agent FTY720 is being tested as an immunomodulatory 
intervention in solid organ transplantation and autoimmune disease.73

A majority of S1P’s effects appear to be mediated through its ability to ligate and activate cell
surface S1P1-5 receptors.74-76 These proteins represent a family of G protein-coupled receptors 
(GPCRs), first identified as endothelial differentiation genes. Due to its derivation from ceramide, 
its stimulatory effect on cell growth and proliferation and its ability to block apoptotic pathways, 

Figure 2. Sphingolipid effects on intrinsic and extrinsic apoptotic pathways. The two pathways 
to apoptosis are shown. The extrinsic pathway begins by ligand binding to cell surface receptors
such as FasR or TNFR, followed by recruitment of Death Domain containing protein adaptors
(e.g., TRADD) resulting in the formation of Death-Inducing Signaling Complex (DISC). This 
complex then activates the caspase cascade, culminating in cell death. The intrinsic or mito-
chondrial pathway begins when pro-apoptotic members of the Bcl-2 family cause mitochondrial
release of cytochrome c, which binds to and activates Apaf-1 (apoptotic protease-activating 
factor), resulting in subsequent activation of the caspase cascade. Smac/DIABLO (Second
mitochondria-derived activator of caspase/direct inhibitor of apoptosis-binding protein with 
low pI) is also released, inhibiting XIAP. XIAP (X-linked Inhibitor of Apoptosis Protein) functions 
as an inhibitor of caspases 3, 7 and 9. Shown are also the influence of ceramide, A-SMase 
and S1P on different components of the pathway.
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S1P has been considered a counterbalance to ceramide in the regulation of cell fate.76 Further, the
anti-apoptotic and pro-angiogenic effects observed in response to activation of S1P receptors have 
led to the hypothesis that these signaling pathways may contribute to tumorigenesis and tumor
progression. This notion is supported by the observation that SK functions as an oncogene in cell 
models of cancer and that blocking antibodies against S1P receptors inhibit xenograft growth in 
nude mice.77,78

Inhibitory Effects of S1P on Apoptotic Pathways
In contrast to the effects of ceramide, S1P signaling has been shown to block apoptotic pathways, 

primarily by inhibiting changes in mitochondrial membrane potential and preventing cytochrome
c release from mitochondria.79 S1P stimulation of cells leads to downregulation of Bax expression
and protection against Fas-induced apoptosis.80 In Jurkat T lymphoblasts, caspase-3 and -7 activa-
tion resulting from Fas ligation could be prevented by S1P addition or PKC activation via phorbol
esters.81 S1P was also shown to inactivate Bad and prevent Bax translocation to mitochondria in 
response to Fas ligation.82 Interestingly, cathepsin B is responsible for proteolysis of SK1 during 
the onset of apoptosis.83 In light of the effects of ceramide on cathepsin D described above, it is
intriguing to note the prominent role that lysosomes play in mediating effects of sphingolipids
on cell fate decisions.

Interestingly, S1P may have different effects on cell fate depending upon its subcellular
location. Spiegel and colleagues showed that the enzyme SK2 functions as a BH3-domain protein
that counteracts the effects of SK1 and induces apoptosis.84 Experiments targeting SK1 expression 
to the ER, where SK2 normally resides, showed that SK1 can also promote apoptosis, indicating 
that S1P production at this site could have effects on local structures and also influences the bio-
chemical conversion of sphingosine into ceramide, thereby perturbing the balance of sphingolipids 
that regulate cell fate.85,86

Sphingolipids Regulate Key Signaling Pathways That Control Cell Fate
Another mechanism by which sphingolipids influence cell fate involves their ability to modulate

key signaling pathways that control cell metabolism and survival in response to stress. One such
pathway is the PI3 kinase/AKT pathway, which has emerged as a central signaling node responsible
for adjusting the metabolic and biosynthetic operations of the cell in response to changing nutrient
and environmental (stress) conditions (Fig. 3).87,88

Activation of the AKT pathway facilitates cell cycle progression, inhibits apoptotic responses,
suppresses autophagy (see below) and enhances nutrient uptake, metabolism, ribosome biogen-
esis and protein synthesis.88 The cumulative effects of PI3K/AKT signaling lead to increased cell 
growth (cell mass) and cell survival. This critical function is coordinated through a system of 
cell surface receptors, typified by the insulin receptor which, when stimulated by ligand, leads to 
activation of the class I phosphoinositol-3 kinase (PI3K). Once activated, PI3K phosphorylates
phosphatidylinositol-4,5-bisphosphate (PIP2), generating phosphatidylinositol-3,4,5-trisphosphate 
(PIP3). Generation of PIP3 at the plasma membrane leads to membrane recruitment of the serine/
threonine protein kinase AKT, along with PDK1, each by virtue of their lipophilic pleckstrin 
homology domains (PHD). PDK1 then phosphorylates AKT on Thre308 of its activation loop.
A second AKT residue (Ser473) is phosphorylated by mTORC2. Activated AKT subsequently 
phosphorylates downstream targets involved in protein synthesis, cell cycle progression and DNA 
repair, growth, survival and metabolism, angiogenesis, carbohydrate uptake, migration and proteins 
involved in feedback regulation of the AKT pathway itself. Antagonists to AKT signaling include
the lipid phosphatase PTEN, which catalyzes the conversion of PIP3 to PIP2 and PHLPP, which
dephosphorylates AKT at Ser 473. Importantly, activating mutations in the PI3K/AKT pathway 
have been identified in many types of human cancers.89-91 Considering the broad effects of PI3K/
AKT signaling on cell growth and survival, it is not surprising that oncogenic mutations in the
AKT pathway have been implicated in carcinogenesis, cytotoxic therapy, epithelial-mesenchymal
transition and tumor progression within an inhospitable tumor environment.
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Ceramide acts as a negative regulator of the PI3K/AKT pathway.58,92-94 In vascular smooth 
muscle cells, ceramide was shown to block PDGF-induced AKT activation in a PKC� -dependent �
manner.92 Ceramide disrupts interactions between 14-3-3 scaffolding proteins and PKC�, thereby 
recruiting the latter to lipid rafts. Additional studies in 3T3 L1 pre-adipocytes have shown that 
ceramide blocks AKT translocation from cytosol to plasma membrane via its PHD.95 In addition
to its effect on AKT transloction, ceramide also appears to block AKT signaling through dephos-
phorylation of the active AKT protein by PP2A, a direct target of ceramide.95-97

These findings indicate several independent effects of ceramide on AKT signaling. They 
are consistent with the frequent observations correlating ceramide accumulation in skeletal
muscle and liver with insulin resistance and decreased insulin-dependent glycogen synthesis
and glucose uptake, which are AKT-dependent activities. Similar effects of ceramide have been 
observed in parasite-infected macrophages, neuronal cells, myotubes and intestinal epithelial
cells.58,98-100 Whereas most reports have described the effects of ceramide to be independent of 
phosphatidylinositol levels (i.e., downstream of PI3K), one study in PC12 pheochromocytoma 
cells found that ceramide recruited PTEN to lipid rafts and that ceramide-dependent cell death
was dependent on PTEN.101 Interestingly, another lipid mediator, ceramide-1-phosphate, was
found to activate AKT, likely through indirect effects on sphingomyelinase resulting in reduced
ceramide generation.102

Whereas the effects of ceramide are inhibitory to AKT signaling, S1P activates this pathway. 
In endothelial cells and cardiac myocytes, S1P activation of AKT led to eNOS activation, hyper-
trophy, stress fiber formation and resistance to ischemia/reperfusion injury.103,104 S1P receptors 
are required for each of these effects, as demonstrated by studies employing chemical inhibitors,

Figure 3. Effect of sphingolipids on the PI3K/AKT pathway. Upon phosphorylation of PIP2

to PIP3 in response to growth stimulatory signals, Akt and PDK1 (not shown) are recruited
to the plasma membrane by virtue of their pleckstrin homology domains. Once there, PDK 
phosphorylates and activates Akt, which in turn either activates or inhibits a large number of 
substrates by phosphorylating them, thus exerting influence over various cell functions. The 
schematic focuses on the role of Akt in inhibition of apoptosis. The Akt substrates that have
an inhibitory role on apoptosis are depicted in dark blue rectangles and those that exert a
positive influence (which phosphorylation by Akt abrogates) are shown in light blue ovals.
The figure also illustrates how different sphingolipids might influence the pathway both
negatively (Ceramide) or positively (S1P). A color verison of this figure is available on www.
landesbioscience.com/curie.
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siRNA and murine knockout models. In endothelial cells, the effect of S1P on AKT appears to 
require S1P receptor-mediated activation of AMPK, followed by activation of the small GTPase, 
Rac.105 VEGF treatment of endothelial cells was found to stimulate expression of S1P3, which 
stabilized Akt3 mRNA and increased Akt3 protein expression.106 These results suggest that S1P 
may exert short-term, long-term and Akt isoform-specific effects on the PI3K/AKT system in a 
variety of cell types. Transactivation of the VEGF receptor Flk-1/KDR by ligation of S1P receptors 
resulted in AKT activation and eNOS phosphorylation.107 Further, overexpression of SK1 was
found to induce AKT signaling, leading to enhancement of endothelial cell-cell interactions.108

In a CHO cell expression system, S1P activated AKT signaling in a PLD- and S1P3-dependent
manner, leading to membrane ruffling.109 S1P also appears to activate PI3Kb in endothelial cells.110

Interestingly, AKT phosphorylation of S1P1 is necessary for S1P-induced Rac activation and cell 
migration, indicating that S1P and AKT signaling are mutually activating systems. In mouse em-
bryonic fibroblasts (MEFs) and other cell types, S1P activation of S1P3 led to phosphorylation of 
the PDGFR and phosphorylation of AKT on Ser473. Both S1P3 and PDGFR were required for
AKT activation by S1P, indicating crosstalk between S1P and PDGF receptors.111 In some ovarian
cell lines, S1P mediates its effects on PI3K-dependent AKT activation through the stress-activated
kinases MEK and p38.112 Finally, there is evidence suggesting that S1P activation of S1P2 inhibits 
cell migration and enhances vascular permeability through Rho-dependent activation of PTEN, 
leading to inhibition of AKT signaling through reduction of PIP3.113

Sphingolipids and Autophagy
In addition to regulating apoptosis and protein translation, the PI3K/AKT signaling pathway 

plays a central role in regulating autophagy, another important mechanism of cell death upon which 
sphingolipids exert their influence. Autophagy is the evolutionarily conserved lysosomal degrada-
tion of a cell’s own macromolecules and organelles. Autophagy is important in energy homeostasis,
providing a means by which cells and organisms recycle their own parts when nutritional intake
is low and energy stores are depleted. However, autophagy also plays a role in innate immunity, 
stress responses, neurodegeneration, aging and cancer. The latter has been shown by the finding 
that some tumor suppressors induce autophagy.114

During autophagy, a doubled-membraned vesicle called an autophagosome sequesters the 
target molecules or organelles followed by the fusion of the outer membrane with lysosomes and 
culminating in the degradation of the sequestered material via lysosomal enzymes.115 This process
is mediated by the actions of a protein complex involving beclin-1, which serves as a platform 
for recruitment of autophagy activators and inhibitors. For example, the anti-apoptosis protein
Bcl-2 inhibits autophagy by interacting with beclin-1. In response to growth deprivation, Jnk1 
phosphorylates Bcl-2 on T69, S70 and S87, disrupting its interaction with beclin in favor of Bcl-2/
Bad interactions (Patrice Codogno, personal communication).

Under favorable growth conditions the AKT pathway inhibits the onset of autophagy via 
activation of mTOR kinase.116 Once a cell senses the lack of nutrients or growth factors, signaling 
through the AKT pathway ceases and the block on autophagy is lifted. Autophagy can be induced
in malignant glioma cells by inhibition of PI3K (by LY294002), AKT (by UCN-01) or mTOR 
(by rapamycin).117 In contrast, overexpression of constitutively active AKT affords the cells more
resistance to autophagic cell death induced by rapamycin treatment.

C2-ceramide was shown to induce autophagy by upregulating beclin-1 in MCF-7 cells.118 In the 
same study it was shown that tamoxifen induced autophagy and concurrent beclin-1 upregulation. 
Both of these endpoints were inhibited by the SPT inhibitor myriocin, indicating a role for the 
de novo ceramide synthesis in mediating tamoxifen-induced autophagy. Ceramide has also been 
implicated in mediating autophagy in human umbilical vein endothelial cells exposed to glycated 
collagen I.119 Daido and colleagues showed that C2-ceramide induced autophagic cell death in
U373-MG and T98G glioblastoma cells.120 The cell death was linked to an increase in the transcrip-
tion of BNIP3 gene, a Bcl-2 family member that induces nonapoptotic cell death.
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Whereas ceramide and S1P usually exert opposing effects on cell fate, both lipids function as 
positive regulators of autophagy. It has been show that overexpression of SK1 induces autophagy 
and that SK1 is activated when cells are starved, leading to increased autophagy.121 However, the
autophagy induced by S1P seems to be independent of its effects on AKT. Rather, it is exerted by 
inhibition of mTOR and, in contrast to the effect of ceramide, the increase in beclin-1 is nominal. 
Furthermore, the autophagy induced by SK1 upregulation during starvation seems to be cytopro-
tective, as siRNA against SK1 inhibited autophagy and increased cell death during starvation.122

It remains unclear to what extent sphingolipid metabolism affects autophagy in physiological
circumstances and in cancer, where autophagy may initially promote cell survival in the harsh
environment of a tumor but may eventually be a mechanism for targeted cancer cell death and
induction of apoptotic cell death by chemotherapy and radiation.

In summary, sphingolipid metabolism wields a double-edged sword with respect to cell fate.
In response to stressful conditions or cytotoxic therapy, ceramide generated from either de novo
biosynthetic or recycling metabolic pathways triggers activation of signals affecting intrinsic and 
extrinsic apoptotic pathways and cell cycle control, while simultaneously inhibiting signaling events 
that promote cell growth and survival mediated by the AKT pathway. In contrast, S1P generally 
reverses the effects of ceramide on these pathways through the stimulation of receptor-mediated 
signaling events and activation of the AKT pathway. The two effectors meet, however, in the
autophagy response, where both lipids serve as activators of the pathway.

Other Signaling Pathways Influenced by Sphingolipids
In addition to effects on the AKT pathway, ceramide been shown to induce members of the

stress-activated protein kinases such as JNK,123 kinase suppressor of Ras (KSR)124 and the atypical 
protein kinase C (PKC) isoform, PKC �.92 Each of these proteins influences cell survival and apop-
tosis. S1P opposes the actions of ceramide, suppressing JNK activation mediated by ceramide and 
activating ERK. Both these effects of S1P can contribute to cell survival,125 whereas in other cases, 
S1P blocks ceramide-induced apoptosis through effects that appear to be independent of ERK.126

S1P can also stimulate production and secretion of EGF, PDGF and VEGF.127 The increase in levels
of these pro-growth and -angiogenesis factors in turn results in transactivation of their cognate 
receptors, leading to downstream signals that regulate cell proliferation, migration and vascular
remodeling. Hsieh and colleagues showed that S1P induced both transcription and translation
of EGFR via activation of p42/p44 MAPK, AP-1, PI3K/AKT and NF-�B-signaling pathways in 
rat primary cultured vascular smooth muscle cells.128 High levels of the EGFR have been detected 
in various human cancers, including glioblastomas and ovarian cervical and kidney tumors.129-131

S1P treatment enhanced proliferation of these cells in a process that could be inhibited either by 
treatment with EGFR kinase inhibitor AG1478 or EGFR shRNA.

COX-2 is a critical enzyme required for synthesis of prostaglandins and the target of the 
anti-inflammatory and chemopreventive agent celecoxib. In HT29 colon cancer cells, downregulation 
of SK1 expression by siRNA significantly inhibited TNF�- or IL-1�-induced COX-2 expression and
PGE2 production. These findings suggest that S1P signaling may promote carcinogenic inflammatory 
effects through upregulation of COX-2 and generation of prostaglandin metabolites.

Ceramide Regulates Cell Cycle Progression
In some cells, ceramide has been shown to prevent cell proliferation through inhibition of 

cell cycle progression. Treatment of MOLT4 leukemia cells with ceramide or its metabolite 
sphingosine results in dephosphorylation of the retinoblastoma gene product, leading to cell cycle
arrest.132 Ceramide has also been shown to regulate cyclin dependent kinase 2 (CDK2) activity.22

Ceramide can cause G2 cell cycle arrest via induction of p21 expression, even in the absence of 
DNA damage.133 Interestingly, the negative regulator of p53, MDM2 was found to abrogate
ceramide-induced growth arrest and apoptosis.133 In RD rhabdomyosarcoma cells, overexpression
of MDM2 prevented ceramide-induced G2 arrest, p21 induction and apoptosis, whereas siRNA
against MDM2 sensitized the cells to ceramide-induced G2 arrest. Accumulation of p21 as well



194 Sphingolipids as Signaling and Regulatory Molecules

as reduction in cyclin D1 and CDK7 were responsible for ceramide-induced cell cycle arrest in
Be7402 hepatocarcinoma cells.134

Ceramide and Telomerases
Telomerase is a ribonucleoprotein composed of a reverse transcriptase (hTERT) and an RNA 

partner (hTR). The complex is responsible for addition of TTAGGG tandem repeat sequences to 
the ends of chromosomes.135-138 Telomerase is overexpressed in approximately 90% of human 
cancers. Its expression, usually absent in somatic cells, allows malignant cells to maintain telomere 
length, thereby insuring infinite replicative capacity. Increased telomerase activity has been sug-
gested to offer protection against apoptosis. Both exogenous short-chain ceramide and stimulation 
of endogenous ceramide production were found to inhibit telomerase expression.139 Ceramide
affected the promoter activity of hTERT, decreasing the half-life of its trans-activator, cMyc, 
via increased ubiquitination and rapid proteolysis. More recent findings suggest that ceramide
modulates the promoter activity of hTERT via a pathway that involves epigenetic effects on the 
hTERT promoter, culminating in transcriptional repression.140

Ceramide and S1P in Cancer Stem Cells
Cancer cells are usually a heterogeneous population, of which only a small fraction referred to

as “cancer stem cells” is capable of continuous self-renewal, as demonstrated by colony formation
in soft agar or development into tumors following transplantation into a host organism. A recent 
study found mammary cancer stem cells to be more resistant than their nonstem cell counterparts 
to serum deprivation and ceramide-induced apoptosis.141 This characteristic of the cancer stem 
cells was attributed to the unique overexpression of sphingomyelin synthase 1 and Bcl-2 in the 
stem cells, two properties that would serve to lower ceramide levels.

Effects of S1P on Migration and Metastasis
S1P activation of its receptors influences endothelial cell migration by promoting changes in

cytoskeletal organization that are needed for the formation of lamellipodia and attachment to the
basement membrane.142 These effects may be important targets for the prevention of pathological
angiogenesis, including tumor angiogenesis, which is an important contributor to the progression 
of cancer.

S1P has also been shown to influence epithelial cancer cell migration, which could contribute 
to metastatic potential. S1P was found to stimulate chemotaxis and invasion of ovarian cancer
cell line (OVCAR3) in a receptor-dependent fashion that involved activation of ERK, AKT and 
p38.143 A link between S1P signaling, cell migration and tumor metastasis was uncovered when 
it was observed that overexpression of the KAI1 gene downregulates SK1. The KAI1 gene was 
originally isolated as a prostate-specific tumor metastasis suppressor gene that inhibited metastases 
without affecting primary tumor formation. When KAI1 was overexpressed using an adenovirus 
vector in pancreatic carcinoma cells (PANC I) both SK-1 activity and migration of PANC I cells
was significantly reduced.144

Cancer Cells Exhibit Molecular and Genetic Changes in Sphingolipid
Metabolism

Considering the central role of ceramide in mediating physiological as well as pharmacologically 
stimulated apoptosis, ceramide could be considered a tumor-suppressor lipid. If ceramide-mediated 
apoptosis functions as a form of cancer surveillance, one would predict that the tumor cells might 
evolve mechanisms to avoid ceramide accumulation either by inhibiting the production of ceramide
or by enhancing its degradation. Recent research has provided evidence that both these types of 
molecular changes occur in cancer cells.

Ceramide levels in fresh human specimens of primary and metastatic colon cancer were found 
to be half that of normal colon mucosa from the same patient.145 The difference seemed to stem
from higher ceramidase activity in the tumor tissue. Importantly, ceramidase inhibition increased
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the ceramide content of tumor cells and caused activation of the apoptotic cascade, whereas this
maneuver had no effect on normal cells.

Consistent with this notion, acid ceramidase was found to be over-expressed in 70% of head and 
neck squamous cell tumors compared with normal tissues.146 Forced expression of acid ceramidase 
in tumor-derived cells increased resistance to Fas-induced apoptosis, whereas its down-regulation 
using specific siRNA sensitized the cells to Fas. Inhibition of acid ceramidase using the small 
molecule LCL204 sensitized head and neck squamous cancer cell lines to Fas-induced apoptosis
both in vitro and in a xenograft model. The increased expression of acid ceramidase has also been
observed in prostate cancer cells.146 Treatment of DU145 prostate cancer cells with LCL204
resulted in increased ceramide and decreased sphingosine levels along with rapid destabilization 
of lysosomes and the release of lysosomal proteases into the cytosol, culminating in the activation 
of the intrinsic apoptotic pathway.147

Another mechanism that cancer cells utlize to increase drug resistance is the enhancement of 
ceramide transport via the actions of a protein called CERT (ceramide transporter). CERT is
involved in ATP-dependent ER-to-Golgi trafficking of ceramide molecules. CERT expression
was recently shown to be elevated in paclitaxel-resistant cancer cell lines and in ovarian cancer
cells that survived paclitaxel treatment. Reduction of CERT expression using siRNA increased
cellular sensitivity to paclitaxel. CERT may attenuate the effects of ceramide via its removal from 
ER, where it has been postulated to potentiate the drug-induced ER stress response.148

Given the role of S1P as a mitogen and inhibitor of apoptotic pathways, genetic changes
resulting in S1P accumulation in cancer cells might also be selected for during carcinogenesis and 
cancer progression. In fact, overexpression of SK1 has been observed in a variety of solid tumors
including lung, colon and other cancers.149-152 SK1 upregulation was also observed in a transgenic
mouse model of erythroleukemia caused by overexpression of the transcription factor Spi-1.153 In 
this model, transcriptional upregulation of the SK1 gene was a recurrent event in the development
of malignant erythroblasts, where SK1 expression and activity conferred a proliferative advantage, 
increased clonogenicity, resistance to apoptosis and in vivo tumorigenic potential. Conversely, 
Kohno et al154 reported that an SK1��� genotype reduces adenoma size and attenuates epithelial 
cell proliferation in the ApcMin/cc �//  mouse model of colon cancer, implicating SK1 as a mediator of 
adenoma progression. Interestingly, this effect was independent of S1P receptor expression and 
therefore extracellular S1P signaling, since polyp incidence or size was unaltered in ApcMin/cc �// in
which S1P receptor genes were disrupted.

Observations of SK1 upregulation in human cancer specimens and the tumor suppressive effects 
of mutations preventing S1P accumulation in mouse models of intestinal tumorigenesis suggest 
that conversion of sphingosine to S1P may promote tumor progression, whereas S1P catabolism
might inhibit it.149,154 Consistent with this hypothesis is the recent finding that SPL and S1P
phosphatase, two enzymes responsible for degradation of S1P, are downregulated in colon cancer 
and in mouse models of intestinal tumorigenesis.155 Downregulation of SPL and reduced SPL 
enzyme activity were consistent hallmarks of early adenomas in the ApcMin/cc �// mouse model and were
associated with increased S1P levels in polyp compared to surrounding tissue. Sphingosine derived 
from dietary sphingolipids has been shown to have protective effects against colon cancer in rodent
models.156-158 Thus, while loss of SPL or phosphatase has not yet been shown to directly contribute 
to tumorigenesis, it seems plausible that neoplastic intestinal tissue may be under selection pressure 
to facilitate conversion of dietary sphingosine to S1P and to prevent S1P degradation, thereby 
converting a growth-inhibitory pathway into a growth activating and angiogenic stimulus.

The inhibitory effects of S1P on apoptotic pathways may be responsible for mechanisms of 
cancer cell drug resistance. In HL60 leukemia cells, drug sensitivity correlated with low SK activity 
and the ability to generate ceramide.159 In contrast, drug-resistant derivatives of the parent cell
line exhibited greater SK activity, failure to accumulate ceramide and inability to activate the 
mitochondrial apoptotic pathway in response to drug treatment. Inhibition of SK in these cells 
restored drug sensitivity. The opposing actions of ceramide and S1P are illustrated by a study in 
which apoptosis-resistant human melanoma cell lines M221- and Mel-2a were found to have 
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higher SK activity, lower ceramide levels and higher S1P-to-ceramide ratios than the corresponding 
drug-sensitive cell lines A-375 and M186.160 Overexpression of functional (but not mutant) 
SK1 increased resistance of A-375 melanoma cells to short-chain ceramide, Fas antibody and
doxorubicin-induced apoptosis. In contrast, siRNA-mediated downregulation of SK1 expression 
rendered ceramide-resistant Mel-2a cells sensitive to ceramide- and Fas-induced cell death. Similar
effects of S1P were observed in response to imatinib, a small molecule inhibitor of Bcr-Abl tyrosine 
kinase.161 Forced SK1 downregulation and reduction of S1P levels resulted in imatinib-resistant 
cells becoming markedly more sensitive to the drug, whereas overexpression of SK1 prevented the 
apoptotic response to imatinib.162

Targeting Sphingolipids for Cancer Therapy
The crucial role that sphingolipids play in regulating cell fate in combination with the genetic 

alteration of sphingolipid metabolic pathways observed in cancer specimens and in association
with cellular drug resistance have prompted efforts to harness sphingolipid signaling for antitu-
mor therapy. Approaches have included the development of: (1) synthetic ceramide analogs, (2)
small molecule inhibitors of enzymes that catalyze ceramide catabolism or its conversion to other
molecular species, (3) inhibitors of SK and (4) S1P receptor antagonists. Additional approaches
that have been proposed include reactivation of genes such as SPL, S1P phosphatase and SMase
that have been silenced in cancer tissue, targeting dihydroceramide desaturase (see below) and
activation of SMase enzymes using small molecules. Pharmacological modulation of sphingolipid
targets singly, as adjuvant therapy in combination with conventional cytotoxic approaches and in 
combinations that serve to enhance ceramide generation while preventing auto-regulatory effects
caused by conversion of ceramide to S1P are all being considered.

Numerous ceramide analogs with unique physicochemical and biological properties have 
been developed, including cell-permeable, short chain ceramides, analogs with additional double
bonds in the long chain base, analogs containing disulfide linkages, conjugates of ceramides and
dihydroceramides with pyridinium salts and a variety of alkyl- acyl and urea-analogs.163 Some of 
these molecules have the advantage of improved solubility, efficient cellular uptake and the ability 
to be targeted to different cellular compartments such as mitochondria and lysosomes for enhanced 
efficacy. Some have been shown to promote mitochondrial apoptosis, deplete cellular glutathione
and cause cytotoxicity in malignant cells. However, it is important to keep in mind that ceramide
analogs have the potential to interact with numerous cellular and biochemical targets in the sphin-
golipid metabolic pathway. Thus, the toxicity profiles and efficacy of these novel drugs will need
to be tested in vivo before conclusions about their utility in the clinic can be drawn.

As discussed above, analysis of the gene expression patterns associated with the acquisition
of cytotoxic drug resistance phenotypes suggest that preventing ceramide accumulation through
enhanced degradation or glycosylation is an important mechanism of drug resistance. In contrast
to the use of ceramide analogs, which may exert effects that are not specific to cancer cells, targeting 
genes that are overexpressed in cancer may afford some selectivity. Interestingly, the pharmaco-
logical inhibition of glucosylceramide synthase by miglustat and similar agents has been used for
many years in “substrate depletion” approaches to treat sphingolipidosis storage diseases. These
agents act by preventing formation of the first intermediate in the synthesis of many higher order 
sphingolipids, glucosylceramide.164 While these drugs have not been tested as anticancer agents 
in humans, targeting glucosylceramide synthase has shown some efficacy in cancer models. For 
example, the imino sugar OGT2378, an inhibitor of glucosylceramide synthase, inhibits melanoma 
tumor growth in vitro and in a syngeneic orthotopic mouse model.165 In the case of melanoma,
the positive effects of the drug may be related to prevention of ganglioside formation, rather than
ceramide accumulation, as the former contributes to tumorigenicity in melanoma.166 Dbaibo 
and colleagues reported that arsenic trioxide, an agent used in the treatment of promyelocytic
leukemia, induces apoptosis via a combination of glucosylceramide synthase inhibition and in-
duction of de novo ceramide synthesis.167 As these and other specific small molecule inhibitors 
of ceramide-metabolizing enzymes are tested in a range of tumor types, the utility of enhancing 



197Sphingolipids and Cancer

endogenous ceramide accumulation to reactivate apoptotic pathways in drug-resistant cancer cells 
should become clear.

Inhibition of S1P synthesis by blocking SK activity has proven useful in enhancing cancer cell 
responses to cytotoxic therapy in vitro and in animal models.152,159,168-170 French and colleagues
developed a panel of nonlipid inhibitors of SK1 that prevented proliferation and induced apop-
tosis in various tumor cell lines, including some that displayed multidrug resistant phenotypes.151

A recent study171 provided evidence suggesting that apoptosis induced by the SK inhibitor dim-
ethylsphingosine occurred in a Bcl-2-independent fashion in human prostatic adenocarcinoma 
cell lines. Since Bcl-2 upregulation is a common event in cancer, Bcl-2 independence could be
advantageous in treating drug-resistant cancers. A preclinical study demonstrating the efficacy of 
inhibiting S1P signaling using blocking antibodies to prevent tumorigenesis/tumor progression
was also recently reported.78 In this hallmark study, a specific monoclonal antibody recognizing 
S1P was administered to mice harboring human cancer xenografts. The intervention reduced and 
in some cases completely eliminated, tumor formation and accompanying tumor angiogenesis. 
These studies suggest that blocking tumor angiogenesis through antibody-mediated inhibition of 
S1P signaling, similar to or in combination with VEGF-directed antibodies, may be developed 
as a strategy for treating advanced malignant disease. In a different approach to blocking S1P 
signaling, the immunomodulatory drug FTY720 promoted apoptosis in drug resistant multiple
myeloma cells by inducing mitochondrial membrane potential changes, Bax cleavage and caspase
activation.172 FTY720 acts by downregulating S1P receptors and interfering with S1P signaling.
This study suggests that additional small molecule inhibitors of S1P signaling may be useful targets
to enhance cancer cell apoptosis and inhibit tumor angiogenesis. Due to the immunomodulatory 
effects of FTY720, development of S1P receptor-specific agonists and antagonists is an area of 
active research. As these agents become available, testing for anticancer efficacy could be included 
in biological assays.

Another promising chemotherapeutic agent is retinimide or fenretinide (4-HPR). The drug 
is a synthetic retinoid N-(4-hydroxyphenyl) that is cytotoxic to a variety of cancers including 
neuroblastoma. Interestingly, the drug does not appear to be dependent on retinoid receptors, for
which it has a very low binding affinity.173,174 Recently, fenretinide was found to increase ceramide
generation via the de novo pathway, through activation of both SPT and ceramide synthase.175

Importantly, fenretinide does not increase ceramide levels in nonmalignant cells. Furthermore,
it induces apoptosis in a p53- and caspase-independent manner, making the drug useful even in 
cancer cells harboring mutations in these molecular pathways.176 Fenretinide was also found to be
cytotoxic to endothelial cells, in which it induced ceramide accumulation and caspase-dependent 
apoptosis. The ceramide generation could be suppressed by ceramide synthesis inhibitors fumonisin
B1, myriocin and L-cycloserine but not by the A-SMase inhibitor desipramine. These studies suggest 
that fenretinide’s antitumor mechanism of action may involve an anti-angiogenic component.177

Interestingly, one report has provided evidence that fenretinide functions as an inhibitor of 
ceramide desaturase, suggesting that dihydroceramide or dihydrosphingosine rather than ceramide
may be the cytotoxic intermediate.178 This possibility is consistent with the finding that �-tocopherol
induces apoptosis in prostate cancer cells by causing accumulation of dihydrosphingosine and 
dihydroceramide.179 If these studies hold true, dihydroceramide desaturase may become another 
important anticancer drug target. Additional studies have explored the role of the dihydrosphin-
gosine analog safingol, which is also toxic to human prostate cancer cell lines and other malig-
nant cell lines.176,180 Safingol acts through inhibition of PKC and has been shown to promote a 
caspase-independent form of apoptosis. However, a wide range of toxicities are associated with 
safingol, its N-methyl metabolites and potentially its conversion to dihydroceramide-like molecules 
on murine liver, kidney and blood.

Sphingomyelinases are activated by cytotoxic agents, resulting in the generation of ceramide 
through the recycling pathway and the promotion of mitochondrial apoptosis. Overexpression of 
A-SMase and other forms of sphingomyelinase have been shown to sensitize glioma cells and other
cancer cell types to chemotherapy.181 Activation of sphingomyelinases by small molecules, thus,
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represents another potential avenue by which to enhance cancer cell death. Aside from conventional
chemotherapeutic agents and radiation, sphingomyelinase activation by reactive oxygen species,
ursolic acid and the histone deacetylase inhibitor LAQ824 have been reported.182-184 Interestingly,
however, treatment of normal and cancer cells with a thiourea derivative of sphingomyelin resulted
in accumulation of ceramide and induction of apoptotic cell death, despite inhibition of acid and 
neutral sphingomyelinase activity by the agent.185 These results appear to be due to the drug’s abil-
ity to inhibit formation of sphingomyelin from ceramide, illustrating the fact that sphingolipid
analogs may have multiple targets and may induce unexpected effects on cell fate.

S1P Signaling to Protect Normal Tissues from Therapy-Related 
Cytotoxicity

Many cancer interventions exhibit a high therapeutic index, causing unacceptable toxicity to
normal tissues. Identification of ways to protect normal cells from iatrogenic apoptosis in response
to radiation and chemotherapy would improve overall outcomes for cancer patients. Interestingly,
S1P administration to mice has been shown to suppress male germ cell apoptosis and ovarian
failure/infertility in response to radiation and other cancer therapies.60,186 Similar observations sug-
gest that S1P pathways are involved in regulating cardiac cell fate in response to oxidative stress.187

While still untested, these findings suggest the possibility that S1P may be able to protect against
radiation and anthracycline-induced cardiotoxicity as well. These promising findings suggest that
targeted protection of normal tissues may be yet another method for improving the therapeutic
index of commonly employed chemotherapeutic drugs and radiation.

Conclusion
Sphingolipids are an important class of membrane lipids that give rise to signaling metabolites 

such as ceramide and S1P, which exert control over cell fate and senescence. Through effects on 
mitochondrial membrane potential, Bcl-2 family proteins, cell survival and stress-response signal-
ing pathways, telomerase and other critical cellular machinery, these two molecules modulate cell
fate in response to environmental stress, chemotherapy, radiation and genotoxic stress associated
with continual DNA replication. Not surprisingly, genes involved in metabolism and signaling of 
S1P and ceramide have been implicated in tumorigenesis, tumor progression and patterns of drug 
resistance. The expression of these genes and their protein products may become useful indicators 
of tumor progression and modulation of these pathways through pharmacological means holds
promise as novel approaches for the treatment of cancer.
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Abstract

Diabetes is a debilitating chronic disease that has no cure and can only be managed by 
pharmaceutical or nutritional interventions. Worldwide, the incidence of diabetes 
and diabetic complications is dramatically increasing. This may reflect the incomplete

knowledge base underlying the role of inflammatory or nutritional stresses to exacerbate diabetic
complications. Despite the knowledge that hyperlipidemia is a cardinal feature of both Type 1 
and 2 diabetes, the actual lipid species that contribute to complications such as diabetic nephropa-
thy, retinopathy, neuropathy and cardiovascular disease have not been well defined, or have not 
elucidated new treatment strategies. Sphingolipids comprise only a fraction of total lipids but a 
body of evidence has now identified dysfunctional sphingolipid metabolism and/or generation of 
specific sphingolipid metabolites as contributors to diabetic complications. This review suggests 
that pharmacological therapies that target dysfunctional sphingolipid metabolism and/or signaling 
may prove beneficial in decreasing the chronic pathology of hyperglycemia and hyperlipidemia.
Moreover, the review suggests that these treatment options may also prove beneficial to ameliorate 
or delay pancreatic beta cell failure.

Diabetes and Insulin Resistance
Diabetes affects over 246 million people worldwide and is increasing at an alarming rate in 

both developed and developing countries.1 Worldwide, diabetes is one of the top five leading 
causes of disease-related death.1 Despite insulin treatment, good nutritional support as well as new 
treatment modalities to increase the effectiveness of insulin; diabetic complications continue to 
plague diabetic patients. Moreover, a worldwide obesity epidemic contributes to the increase in 
metabolic syndrome and diabetic patients.

Simply stated, diabetes is the failure of the body to correctly utilize glucose due to diminished 
insulin signaling. Insulin is an essential anabolic hormone and growth factor that promotes cell 
function and survival. Diminished insulin levels and/or insulin signaling lead to the catabolic fea-
tures of diabetes; hyperglycemia, hyperlipidemia and accelerated protein degradation. This failure
in insulin signaling can reflect either impaired insulin production (Type 1 diabetes) or impaired 
insulin responsiveness (Type 2 diabetes). Both of these pathologies lead to hyperglycemia, which 
contributes to serious pathological complications, including nephropathy, neuropathy, retinopathy 
or cardiovascular disease. The underlying etiology of both diseases are still unknown, but may 
reflect an autoimmune disease targeting pancreatic beta islet cells (Type 1) and an inflammatory 
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condition exacerbated by nutritional stress or obesity (Type 2) that impairs insulin signaling in
insulin responsive cell types.2 Even though the initial insult may be distinctly different for Type
1 and 2 patients, the resultant insulin resistant phenotype contributes to diabetic complications
in both diseases.

Type 1 patients develop secondary insulin resistance in insulin responsive tissues like Type 2 
patients.3 Type 2 patients develop secondary pancreatic symptoms, similar to Type 1 patients, which 
further worsens clinical outcomes. Several clinical studies are now reporting that global insulin
resistance and resultant diabetic complications is more than just an increase in glucose levels and 
may reflect nutritional stresses. In fact, the EURODIAB Prospective Complications Study showed 
that insulin resistance is a major predictive factor for the development of complications in Type 1 
diabetes.4 These findings have been confirmed in other studies showing dramatic increased risk of 
complications with body mass index 
25 kg/m2.5 In addition, persons with Type 1 diabetes and the
metabolic syndrome have a 3.7 fold increased risk of severe retinopathy, a 22.8 fold increased risk 
of stroke and a 7.3 fold increased risk of peripheral vascular disease.6 A recent study shows that the
estimated glucose disposal rate, but not metabolic syndrome or insulin dose, is highly related with
the development of retinopathy, nephropathy and macrovascular disease in Diabetes Control and 
Complications Trial (DCCT) subjects.7 This finding is in line with the observation that insulin 
doses parallel plasma triglyceride concentrations in children with Type 1 diabetes.8 Together, these
findings indicate that complications of diabetes depend on factors other than hyperglycemia and
include insulin resistance and overall nutritional status.

The contribution of hyperlipidemia to diabetes is being defined. While sphingolipids typically 
constitute a relatively minor component of the lipid environment compared to glycerolipids and
sterols, altered sphingolipid metabolism has been implicated in diabetes pathogenesis. In vitro
studies are beginning to define the biochemical and biophysical signaling mechanisms by which 
sphingolipid metabolites contribute to diabetic complications. Particular areas in which sphin-
golipids are being investigated include the detrimental effects of the generation of reactive oxygen 
species,9 induction of the hexosamine biosynthetic pathway,10,11 inflammation12 and increases 
in advanced glycated end products,13-15 all of which may contribute to diabetic complications.
As these mechanisms, including signaling, have been reviewed elsewhere,16-19 we have focused 
the present review on the in vivo animal and human studies that have implicated dysfunctional
sphingolipid metabolism and/or accumulation of sphingolipid metabolites in insulin resistance
and/or diabetic complications.

Insulin Resistance and Altered Sphingolipid Metabolism
Classically, insulin resistance is typically associated with the liver, skeletal muscle and adipose

tissue. Consequences of insulin resistance in these tissues include glucose intolerance and hyper-
lipidemia. Thus, it is not surprising that altered sphingolipid metabolism has been observed in 
multiple obese rodent models of Type 2 diabetes. What is intriguing is the restoration of insulin
sensitivity by pharmacological strategies that target dysfunctional sphingolipid metabolism.

Recent studies have begun to define the role of hyperlipidemia to alter sphingolipid me-
tabolites and regulate insulin resistance.20 Ceramide accumulates in skeletal muscle and liver
after infusion of lard oil emulsions into the bloodstream of Sprague-Dawley rats. Treating these 
animals with inhibitors of serine palmitoyltransferase (SPT) prevented the lard oil-induced in-
creases in ceramide accumulation and maintained insulin-stimulated glucose utilization. Using 
an ex vivo approach, administration of saturated fats, including palmitate, a precursor necessary 
for serine palmitoyltransferase-induced generation of de novo sphingolipids, to isolated rodent
muscles induced ceramide-dependent insulin resistance and impaired 2-deoxyglucose uptake. 
Knock-out animal models have also been quite useful to define a role for sphingolipid metabo-
lism in insulin resistance. Palmitate-induced insulin resistance was abrogated in isolated soleus 
muscles from mice lacking one allele of dihydroceramide desaturase 1.20 Deficiency of the acid
sphingomyelinase gene product protected against saturated fat diet-induced hyperglycemia, 
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insulin resistance and impaired hepatic triacylglyceride accumulation.21 Similarly, hyperlipidemia 
and altered sphingolipid metabolites was noted in the liver of ob/ob mice where C16:0 and C18:0

ceramides positively correlated with liver triglycerides.22 Yet, despite evidence that dysfunctional 
sphingolipid metabolism contributes to insulin resistance, the role of specific glucosylated or
phosphorylated sphingolipid metabolites to contribute to insulin resistance are only recently 
being identified.

It should not be surprising that glycosphingolipids accumulate in obese animal models of 
diabetes. As examples, Zucker diabetic fatty fa/fay y rats (ZDF) and ob/ob mice display increased levels
of glucosylceramide in liver,23 consistent with an increase in GM3 synthase expression in adipose 
tissue.24 Zucker diabetic fatty rats also have elevated skeletal muscle GM3 ganglioside levels.25

However, the latter finding is in contrast to the first mentioned group,23 which found that neither 
glucosylceramide nor GM3 gangliosides were elevated in muscle or liver of ZDF rats.23 These ap-
parent discrepancies are usually dismissed as consequences of different tissues or animal models. 
Yet, these contradictions may also reflect different analytical strategies to characterize and quantify 
sphingolipid metabolites in addition to age and diets of the animals. Alternatively, they may reflect
a “global” increase in sphingolipid metabolism, manifested by transcriptional, translational and
posttranslational modifications of sphingolipid and glycosphingolipid metabolic enzymes. As an
example, TNF�-induced insulin resistance can be reversed by inhibiting ceramide production26 or
via inhibition of glucosylceramide synthase.24 Alluding to the contribution of glycosphingolipids to4

diabetes complications, the ganglioside, GM3, can impair insulin signaling24,27gg  and GM3 knockout
mice have increased insulin sensitivity.28 Similarly, GD3 has been implicated in TNF� and CD95
(Fas)-induced apoptosis29 and GT1b has been demonstrated to inhibit pro-survival Akt activation in 
diabetic organs.30,31 Of clinical interest, two recent publications have demonstrated increased glycemic
control and insulin sensitivity upon pharmacological inhibition of glucosylceramide synthase.23,25 In
addition to Type 2 obese models, elevated concentrations of GM3 have also been observed in the Type 
1 streptozotocin-induced diabetic rat model.31,32 Finally, accumulating sphingolipid metabolites are
not limited to glycosylated species, as elevated levels of sphingosine, at the expense of sphingomyelin
or ceramide, has been observed in adipose tissue of diabetic ob/ob mice.33

Studies of human populations have not been as conclusive as the above animal experiments.
Obese insulin-resistant human subjects displayed higher concentrations of ceramide, but not
other sphingolipids, in skeletal muscle compared with lean subjects.34 Similarly, a relationship 
was observed between decreased insulin sensitivity and increased ceramides in human skeletal 
muscle.34,35 Consistent with these human studies, are additional studies demonstrating increased 
ceramide content in the skeletal muscle of insulin-resistant rats.36,37 In contrast, a recent study 
observed no significant alterations in ceramide levels in skeletal muscle of Type 2 patients.38

These disparate results for ceramide mass in diabetic populations may, in part, reflect overall
dysfunctional sphingolipid metabolism and altered levels of phosphorylated or glycosylated
sphingolipid metabolites. For example, it has also been demonstrated that plasma sphinganine
and sphingosine were elevated in Type 2 diabetics compared with healthy control subjects,
which may be consistent with elevated ceramide levels.39 The presence of sulfated lactosylcer-
amide in blood samples of Type 2 patients and low blood levels of sulfatides may also be linked 
to insulin resistance.40 Thus far, these studies have involved analysis of relatively small numbers 
of patients or volunteers and have not revealed whether ceramide accumulation and/or altered
sphingolipid metabolism predicts insulin resistance in lean or obese individuals. Again, biopsied
tissues subjected to lipidomic analyses will be essential in defining the “sphingolipidsome” in
controlled and poorly controlled diabetic patients, and establishing the contributions of specific 
sphingolipid metabolites to diabetic complications. Analysis of multiple sphingolipid species
has the potential to define diabetic complications as a consequence of global dysfunctional 
sphingolipid metabolism. Moreover, the integrated use of lipidomics and metabolomics offers
the potential to identify novel surrogate biomarkers of diabetes that can be monitored during 
pharmacological or nutritional treatment regimens.
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Diabetic Pancreatic Dysfunction and Sphingolipids
The primary defect in Type 1 patients is autoimmune-mediated destruction of pancreatic 

beta cells. Deterioration of beta cell function in Type 2 diabetes, commonly referred to as beta 
cell exhaustion, occurs as a result of a compensatory mechanism by which the pancreas responds 
to global insulin resistance. Similar to insulin responsive tissues, altered sphingolipid metabolism
or metabolites have been observed in pancreas tissue from diabetic animal models. Again, more
importantly, pancreatic beta cell destruction can be reduced by pharmacological strategies that 
reduce sphingolipid metabolism. Serine palmitoyltransferase is upregulated in pancreatic islet cells
of ZDF rats and inhibition of serine palmitoyltransferase reduces beta cell death.41,42

Consistent with elevated sphingolipid metabolism, ceramide is elevated in prediabetic and
diabetic islets of ZDF rats. Mechanistically, palmitate (a de novo ceramide synthesis precursor)
blocks insulin gene expression in primary rat islets43 and induces beta-cell death,44 possibly via 
de novo ceramide production. An alternative mechanism implicates reactive oxygen species in
ceramide-induced pancreatic dysfunction, Treatment of ZDF rats with the antioxidant, NAC
(N-acetylcysteine) between 6 and 12 weeks of age prevented beta-cell failure and ameliorated
the hyperglycemic state.45 Sphingolipid metabolites contribute to the regulation of cellular
redox homeostasis, and reactive oxygen species scavengers have been demonstrated to prevent 
ceramide-induce cell death.9 It is of note that while ceramide may be destructive to the pancreas 
that sphingosine-1-phosphate (S1P) and dihydroS1P may actually promote beta-cell survival and
insulin secretion.46,47 Yet, these S1P data must be interpreted with caution, as discussed later S1P 
may also exacerbate diabetic complications.

Altered levels of specific glycosylated metabolites of ceramide may ultimately be shown to
modulate pancreatic islet cell destruction. In the pancreas of STZ-diabetic rats, c-series gangliosides
(GT3, GT2, GQ1c, GP1c) are drastically reduced.32 Similarly, in ob/ob and db/db mice, models
of Type 2 diabetes, C16:0 sulfatides are drastically diminished in the pancreas.48 More importantly,
treatment of ZDF rats with C16:0 sulfatides increased the amount of insulin in the blood and 
improved the first-phase insulin response.49 Such an effect may be mediated through activation
of potassium channels to increase insulin secretion50 and/or serving as a molecular chaperone for
insulin.51 In addition to decreases or increases in specific sphingolipid metabolites, pancreatic
dysfunction may also reflect an immunological component that targets these altered glycosphin-
golipid metabolites. Autoantibodies to sulfatides, GT3, GD3 and GM2-1 have been identified
in patients with Type 1 diabetes and may target immune cells to the pancreas and contribute to 
their destruction.52 Similarly, ganglioside-specific autoantibodies to GM3 have also been found 
in patients with Type 2 diabetes.53 Autoimmunity may not be restricted to the pancreas. GM1 
autoantibodies have been found in both Type 1 and Type 2 patients with peripheral neuropathy.54

In fact, increased titers of autoantibodies to GM1, GD1b, GD1a and sulfatides correlated with
more pronounced neuropathic changes.55

Diabetic Cardiovascular Dysfunction and Sphingolipids
Cardiovascular disease is the major cause of death of patients with diabetes. Both Type 1 and

2 patients have an increased incidence and severity of atherosclerosis, myocardial infarctions and 
strokes that is exacerbated by poor glycemic control or obesity. Importantly, a recent clinical
trial has shown that the sphingolipid metabolite, S1P, is more predictive of obstructive coronary 
artery disease than other well-established risk factors, including age, sex, family history, diabetes, 
lipid profile and hypertension.56 The heart and aorta from the Type 1 STZ-induced diabetic
rat demonstrated increased sphingosine kinase activity, which was diminished in animals on an
insulin pump.57 Mechanistically, hyperglycemia induces sphingosine kinase activity, correspond-
ing S1P levels and high glucose induced-leukocyte adhesion to endothelial cells was blocked 
by overexpression of a kinase-dead sphingosine kinase 1 mutant.57 In contrast to these reports, 
in the Type 1 nonobese diabetic (NOD) mouse model, S1P prevented monocyte/endothelial 
interactions through S1P1 receptor activation.58 Also, in Type 2 KK/Ay diabetic mice, sphingosine
kinase 1 gene delivery by adenoviruses via intravenous injection, reduced blood glucose and
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improved plasma lipid profiles (reduced cholesterol, triglycerides, LDL, nonesterfied fatty 
acids and increased HDL), and prevented cardiac injury.59 Moreover, subcutaneous injection
of sphingosine-1-phosphate also has been shown to improve wound healing through improved
vascularization of the wounded tissue.60 The protective or detrimental actions of S1P have not as
yet been completely defined in diabetes and will need to be interpreted in light of future studies 
that will utilize well defined selective S1P receptor modulators in clinical models.

The role of ceramide to contribute to cardiovascular disease in diabetic patients is also not well 
documented. Acid sphingomyelinase activity levels are elevated in the blood of Type 2 diabetic 
patients.61 While the link to elevated circulating sphingomyelinase in diabetes is unknown, sphin-
gomyelinase (and presumably ceramide) has been linked to the development of atherosclerosis.62 In
addition, sphingomyelinase inhibition as well as diminishing ceramide levels through preconditioning 
can diminish apoptosis and infarct size after cardiac ischemia.63 Ceramide and other sphingolipid
metabolites has also been shown to be a major component of lipoprotein vesicles.64 Yet, intriguing data 4

have suggested that ceramide nanofilms coated on balloon embolectomy catheters actually prevent
coronary and carotid neointimal hyperplasia after vascular trauma in porcine and rabbit models.65,66

These disparate findings might suggest that ceramide itself decreases vascular smooth muscle cell 
growth, while ceramide metabolites, including ceramide-1-phosphate or sphingosine-1-phosphate
exacerbate restenotic or atherosclerotic injury. In fact, ceramide coated catheters promote wound heal-
ing responses, possibly as a consequence of metabolism of ceramide to other sphingoid metabolites
within the endothelium.66 Consistent with these interpretations, recent studies have suggested a novel
anti-inflammatory antileukocytic effect for nanoliposomal ceramide, but not ceramide-1-phosphate
or sphingosine-1-phosphate) in models of corneal kerititis.67

Diabetic Nephropathy and Sphingolipids
Diabetic nephropathy is one of the most frequent causes of renal dysfunction. Diabetic 

nephropathy results from angiopathy of the capillaries in the glomeruli. Diabetes also causes an
initial mesangial cell proliferation followed by growth arrest and hypertrophy. This contributes
to an overproduction of extracellular matrix proteins, resulting sequentially in impaired blood
filtration, increased proteinuria and renal failure.

Again, evidences implicate altered sphingolipids contributing to diabetic dysfunction of pe-
ripheral organs. The paradigm continues that pharmacological strategies to restore sphingolipid
metabolism to basal levels will dissipate diabetic complications in the kidney. Accumulation of 
glucosylceramides at the expense of ceramide in streptozotocin (STZ)-induced diabetes was shown 
to contribute to renal hypertrophy.68 Elevation of the ganglioside GM3 was also observed. More
importantly, an inhibitor of glucosylceramide syhthase, PPMP, limited diabetes-induced mesangial 
cell hypertrophy and decreased glomeruli volume.68 Such increases in glycosphingolipids have also
been implicated in renal hypertrophy/diabetic nephropathy, possibly mediated by advanced glyca-
tion end products (AGEs).15,68 Yet, controversy again exists in the literature, as ganglioside content, 
particularly GM3 and sialic acid content, is decreased from glomeruli of STZ-induced diabetic
rats,69 in contrast to Zador et al.r 68 The answers to these disparities may again need to include a more 
comprehensive, integrated lipidomic approach, reflecting simultaneous measurements of multiple
sphingolipid metabolites. Similar to glucosylceramide metabolites, phosphorylated sphingosine
metabolites have also been implicated in glomerular mesangial cell proliferation, concomitant
with increased neutral ceramidase and sphingosine kinase activities.70

Diabetic Retinopathy and Sphingolipids
Diabetic retinopathy is the leading cause of blindness among working age adults. A misconception 

about diabetic retinopathy is that it is solely a microvascular disease of the retina based upon visual 
clinical manifestations such as hemorrhages, microaneurysms, exudates, edema and neovasculariza-
tion. A large body of work has demonstrated that diabetic retinopathy is a complex complication
that, in addition to the microvasculature (endothelial cells and pericytes), also affects macroglial
cells (Müller and astrocytes), microglia cells and neurons.71 The vascular changes actually occur 
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later on in the pathogenesis of this disease and thus understanding mechanisms that contribute
to earlier pathology may reveal new therapeutic targets.

As already discussed, altered sphingolipids may be involved in insulin resistance in peripheral 
organs. In fact, the EURODIAB Prospective Complications Study showed that insulin 
resistance is a major predictive factor for the development of retinopathy in Type 1 diabetes.4

It should be noted that the retina is an insulin responsive tissue and exhibits high basal insulin
receptor activity, reminiscent of postprandial livers.72 Furthermore, retinal insulin receptor and
kinases that can be downstream (PI3K, Akt and p70 S6 kinase) are impaired in models of Type 1
diabetes73,74 and can only be partially resored with insulin therapy.75 In addition, retina-specific
insulin receptor deletion impairs the ability of the retina to withstand light induced stress.76

The roles of sphingolipids in this insulin-signaling impairment are unknown, but in vitro evi-
dence in a retinal neuronal cell line demonstrates that glucosylceramide synthase inhibitors can 
augment insulin signaling.10 In neuronal tissues, glycosphingolipids have been implicated in
increasing sensitivity to neurotoxic agents such as the excitatory amino acid neurotransmitter,
glutamate,77 a potential contributor to diabetic retinopathy.75,78 Thus, it is not surprising that 
lipidomic analysis has recently revealed dysregulated sphingolipid metabolism in retinal tissue 
from Type 1 diabetic models. Specifically, in the streptozotocin-induced model of diabetes10 as 
well as the Ins2Akita mouse model (unpublished observations), a decrease in ceramides with a 
corresponding increase in glucosylceramides10 has been observed. The in vivo consequence of 
this is still unknown; however, as discussed above, mounting in vitro evidence has implicated
elevated glucosylceramide metabolites in the inflammatory or immunomodulatory regulation 
of retinal and pancreatic cell death, cardiovascular abnormalities and dysfunctional insulin
signaling.

Similar to glycosphingolipid metabolites, phosphorylated metabolites (S1P) may also contribute 
to diabetic retinopathy. For example, a sphingosine kinase inhibitor has been demonstrated
to inhibit retinal vascular permeability in streptozotocin-induced diabetic rats.79 Knockout of 
the S1P2 receptor, but not S1P1 or S1P3 receptors, suppressed some inflammatory mediators 
(COX-2 and eNOS) and shifted the phenotype of vascular changes from pathogenic to normal
in a model of retinopathy of prematurity.80 Furthermore, a monoclonal antibody that binds to 
S1P (sonepcizumab), suppressed laser-induced choroidal revascularization in mice and did not 
demonstrate any overt toxicology to the retina in nonhuman primates.81 Often, these models of 
induced vascularization serve as surrogate models to study the mechanisms by which dysfunctional 
vasculature contribute to diabetic retinopathy. Our studies have not found significantly differences
in retinal S1P, but we (unpublished observations from the streptozocin-induced diabetic rats and
Ins2Akita diabetic mice) have observed elevated S1P from the plasma of these Type 1 diabetes models.a

Thus, it may be that retinal vascular alterations may be influenced by S1P in the blood. In fact, 
elevated sphingosine kinase activity within the retina may not be sufficient to induce retinopathy, 
as intraocular administration of adenoviruses carrying the sphingosine kinase gene was unable to 
induce neovascularization.82

Therapeutics That Target Sphingolipid Metabolism or Sphingolipid 
Signaling in Diabetes

Given the large body of in vitro evidence that glycosphingolipids exacerbate diabetic
complications, it is not surprising that treatment strategies that inhibit glucosylceramide
synthase (GCS) have proven effective in diabetic animal models. Treatment of ob/ob mice
with the selective GCS inhibitor, AMP-DNM, lowered blood glucose levels, improved oral
glucose tolerance, reduced hemoglobin A1C and improved insulin sensitivity in muscle and 
liver.23 Similar beneficial metabolic effects were observed in high fat—fed mice and ZDF 
rats.23 Furthermore, AMP-DMN in normal mice lowered triglyceride and cholesterol levels in 
plasma.83 Analogous results were also observed with a structurally distinct glucosylceramide
synthase inhibitor Genz-123346 in ZDF rats and diet-induced obese mice, including diminished
blood glucose, improved glucose tolerance and reduced A1C levels. Furthermore, this inhibitor 
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limited the loss of pancreatic beta-cell function.25 Yet, interpretation of these provacative in
vivo studies must be cautioned, as administration of specific exogenous glycosphingolipids
could have beneficial effects. For example, GM1 administration to NOD mice reduced the
incidence of diabetes onset and the degree of pancreatic islet injury.84 Treatment with other
glycosphingolipids, including sulfatide and galactosylceramide, were also able to decrease 
the incidence of diabetes in NOD mice.85 Likewise, synthetic homologs of nonphysiological
alpha-galactosylceramides, such as OCH and KRN7000, have also proven beneficial in NOD 
mice, possibly through several mechanisms which include increasing TH2 responses and recruit-
ment of tolerogenic dendritic cells.86-90

Likewise, treatment regimens to regulate S1P mass, sphingosine kinase activity or S1P re-
ceptor activity must be coached in light of the conflicting evidence suggesting pancreatic islet 
survival despite some evidence supporting exacerbation of cardiovascular and microvascular
complications by S1P. FTY720 (Fingolimod) is a myriocin analog with structural similarity 
to sphingosine, that when phosphorylated may serve as a S1P receptor modulator.91 FTY720
has shown significant immunomodulatory actions, limiting lymphocyte egress from lym-
phoid tissues.91 FTY720 has been shown to limit autoimmune diabetes in rats92 and mice.93-95

Furthermore, survival of both islet allografts and xenografts in rodents and nonhuman primates 
were augmented when treated with FTY720.96-99 Further studies will prove if the immunological 
or antiinflammatory actions of FTY720 in diabetic models are manifested by alterations in S1P
receptor signaling or though inhibition of cytosolic phospholipase A2

100 or ceramide synthase101

and/or possibly other mechanisms.
Several studies are now correlating the actions of patient approved therapies with altered

sphingolipid metabolism. In addition to tight insulin control and proper diet, Type 2 patients
are further managed by strategies to increase pancreatic insulin secretion (sulfonylureas or 
meglintinides), decrease hepatic gluconeogenesis (biguanides(metformin)), improve insulin 
sensitivity in peripheral tissues (thiazolidinediones (Peroxisome proliferator-activated recep-
tor-gamma (PPAR-gamma)) and to prevent breakdown of complex carbohydrates into simple
sugars (alpha-glucosidase inhibitors). It is not surprising that thiazolidinediones, which regulate
a transcriptional complex for insulin-responsive genes that control glucose and lipid metabolism, 
could affect sphingolipid metabolism. Yet, the literature reveal inconsistent findings. Various
thiazolinediones, (pioglitizone, troglitazone and rosiglitazone) can reduce ceramide levels in rat
and mouse skeletal muscle, likely through de novo inhibition.102-104 Similarly, troglitazone reduced
ceramide level in the heart of ZDF rats.105 In contrast, pioglitizone has been shown to increase de 
novo ceramide synthesis in rat hearts.106 Also, transcriptome analyses of rosiglitazone-treated cardiac 
tissue of db/db mice revealed increases in ASAH2 (ceramidase), ST3GAL5 (GM3 biosynthesis) and
B4GALNT1 (GM2 and GD2 biosynthesis).107 Thus, it is possible that specific thiazolidinediones
could increase sphingolipid metabolism and possibly explain recent observations that thiazoli-
dinediones have been linked to increased cardiovascular complications in diabetic patients.108 In
a similar manner, Metformin also alters sphingolipid metabolism, reducing ceramide content in
skeletal muscle of high fat-fed rats, which was further augmented with exercise.109 Again, a com-
prehensive “omic” approach, integrating LC/MS and NMR-based lipidomics and metabolomics,
has the power to define sphingolipid and other metabolites as novel surrogate biomarkers that can
be monitored during therapy.

Conclusion
The review identifies dysfunctional sphingolipid metabolism as contributors to diabetes

and diabetic complications. Novel therapeutic strategies that target dysfunctional sphingolipid
metabolism are identified that could decrease diabetic complications. Additional targets and/or
biomarkers can be identified in animal models by integrating lipidomic approaches with functional
genomics, proteomics and metabolomics, coupled with detailed organ-specific natural histories.
In additional, integrated “omic” approaches coupled with therapeutic interventions can be used
to firmly determine mechanisms underlying diabetic complications.
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Abstract

Studies using Saccharomyces cerevisiae, the common baker’s or brewer’s yeast, have progressed 
over the past twenty years from knowing which sphingolipids are present in cells and a basic
outline of how they are made to a complete or nearly complete directory of the genes that cata-

lyze their anabolism and catabolism. In addition, cellular processes that depend upon sphingolipids
have been identified including protein trafficking/exocytosis, endocytosis and actin cytoskeleton 
dynamics, membrane microdomains, calcium signaling, regulation of transcription and translation, 
cell cycle control, stress resistance, nutrient uptake and aging. These will be summarized here along 
with new data not previously reviewed. Advances in our knowledge of sphingolipids and their
roles in yeast are impressive but molecular mechanisms remain elusive and are a primary challenge 
for further progress in understanding the specific functions of sphingolipids.

Introduction
Besides providing many satiating bakery and brewery products for human pleasures,

Saccharomyces cerevisiae, has been a remarkably informative host for discovering how sphingolipids 
are made and degraded and the cellular functions they perform. Carter’s laboratory identified the 
long-chain bases (LCBs) dihydrosphingosine (DHS, sphinganine) and phytosphingosine (PHS)
in the 1950s and early 1960s.1 In the 1970s and 1980s the Lester laboratory identified the three
classes of inositol phosphate-containing complex sphingolipids in yeast and their mode of synthesis 
and in doing so devised excellent methods for their extraction and analysis.2,3 These advances and
others enabled yeast genes to be identified and manipulated in every imaginable way and have
permitted the elucidation of most, perhaps all, genes for making and degrading sphingolipids in
S. cerevisiae, the first organism for which this has been achieved (reviewed in ref. 4-6). Many of 
these genes made possible the identification of homologs in organisms ranging from bacteria to 
plants to man. In this chapter I try to summarize our knowledge of sphingolipids in S. cerevisiae
and suggest where future research is needed.

Sphingolipid Metabolism in S. cerevisiae
Sphingolipids are abundant in S. cerevisiae representing about 7% of the mass of the plasma 

membrane or 30% of phospholipids.7 S. cerevisiae sphingolipid metabolism including me-
tabolites, enzymes and their cognate genes are diagramed in Figure 1. Synthesis begins with 
condensation of serine and a fattyacyl-CoA, typically palmitoyl-CoA, in every organism that
has been examined and generates the short-lived intermediate 3-ketodihydrosphingosine, 
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which is reduced to yield DHS, the first LCB in the pathway. DHS can either be N-acylated 
with a fatty acid to give ceramide or hydroxylated on C4 to give PHS which is N-acylated to
yield phytoceramide. The C1 hydroxyl of phytoceramide is decorated with polar head groups
by the three sequential reactions diagramed in Figure 1 which yield three species of complex
sphingolipids including inositol phosphoceramide (IPC), mannose inositol phosphoceramide 
(MIPC) and mannose-(inositol-P)2-ceramide M(IP)2C. The genes and enzymes for the steps in 
sphingolipid metabolism have been discussed thoroughly in previous reviews.2-5,8-10

Sphingolipid synthesis begins in the endoplasmic reticulum and generates ceramides which
are transported by both vesicular and nonvesicular transport to the Golgi apparatus for addition
of the polar head groups.11 Most enzymes involved in sphingolipid synthesis have been localized 
to these two compartments although there are exceptions.12 Movement of sphingolipids between 
these compartments has been examined in detail although much remains to be elucidated (reviewed
in refs. 8,9,13,14). Most complex sphingolipids are then transported to the plasma membrane 
but small amounts are found in other membrane compartments15,16 including mitochondria.17

The function of sphingolipids in these other cellular compartments is not understood. About 
three-fourths of the mass of the sphingolipids in S. cerevisiae cells is M(IP)e 2C with the rest being 
equal parts of IPC and MIPC.18 It is not known how these ratios are determined, but they are
probably important in ways that remain to be identified. The shear mass of sphingolipids and their
negative charge are likely to affect processes dependent upon the plasma membrane. Many types
of sphingolipids in mammals are localized to one or the other leaflet of the plasma membrane, but 
this has not been determined for yeast sphingolipids.

A unique and distinguishing feature of S. cerevisiae sphingolipids is a Ce 26 fatty acid, although
a small percentage of C22 and C24 fatty are also present.16,19 These long-chain fatty acids are syn-
thesized by an elongation system19-21 whose components have now been identified and this has led 
to a model for how the length of the fatty acid is determined.22 The functions of such a long-chain 

Figure 1. Pathways of sphingolipid metabolism in Saccharomyces cerevisiae. Metabolic 
intermediates and complex sphingolipids are shown in bold, genes are indicated by italics
and enzyme names are in regular lettering. When grown aerobically the fatty acid in complex
sphingolipids is often hydroxylated at C2 and sometimes at C3 (not shown), a reaction that
requires Scs7 (not shown).107 Ceramides can be hydrolyzed by two ceramidases, Ydc1 and 
Ypc1 (not shown), to yield a fatty acid and an LCB.35,36 Structures of the indicated compounds 
are presented in previous publications.4,8 Adapted from reference 6.
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fatty acid in sphingolipids are not well defined, although one function may have something to do
with the fact that they span both leaflets of a membrane bilayer. They have been suggested to play 
roles in nuclear membrane pores.23 Others have argued that sphingolipids do not need them but 
that they are necessary to perform some function that remains to be identified.24 While it is true 
that cells making sphingolipids with shorter acyl chains can survive in laboratory situations, it is 
highly unlikely that such strains would survive in the wild, thus arguing that the C26 fatty acid is
an essential component of yeast sphingolipids under natural conditions.

While S. cerevisiae only makes inositolphosphoceramides and no other type of sphingolipidse
such as glycosylceramides, many other fungi make both classes of sphingolipids3 as do plants.25,26

Phosphoinositol-containing sphingolipids have not been identified in mammals. It probably is
no accident that S. cerevisiae and other fungi have sphingolipids that are more like plants thane
mammals given that the natural habitat of S. cerevisiae appears to be forests, particularly oaks ande
other broadleaf trees.27

Like most other membrane components, sphingolipids are broken down as a normal part of 
membrane remodeling. The need for turnover is apparent in mammals where defects in enzymes
that catalyze turnover lead to debilitating diseases termed sphingolipidoses.28 Such a need has been 
much less apparent in yeast but this notion is changing. One type of sphingolipidoses is Niemann 
Pick type C, a fatal neurodegenerative disorder caused by a defect in the human NPC1 gene. The 
yeast homolog of this gene, NCR1, has been suggested to play a role in recycling of sphingolipids.29

The yeast sequence similarity between a bacterial neutral sphingomyelinase and the Isc1 protein
of S. cerevisiae lead to the demonstration that Isc1 has phospholipase C-type activity and cleavese
the polar head group from yeast sphingolipids, much like mammalian sphingomyelinases cleave
the polar head group from sphingomyelin.30,31

Unraveling the physiological importance of sphingolipid turnover in S. cerevisiae has beene
challenging and much remains to be learned. At least in some strains backgrounds, Isc1 enzyme 
activity is necessary for growth on nonfermentable carbon sources, implying a role in mitochondrial 
respiration32 and several types of experiments support this mitochondrial connection as discussed 
in detail in a previous review.6 Another role for Isc1 is to regulate the concentration of IPC which
is toxic above its physiological concentration.33,34 In response to heat stress and perhaps other stress 
that perturb the plasma membrane, Isc1 appears to be activated to breakdown complex sphingo-
lipids (we don’t know their location) by a pathway involving synthesis of phosphatidylinositol 
4,5-bisphosphate (PIP2) as described below along.

A good deal of effort has gone into trying to determine the physiological functions of the
other enzymes that degrade sphingolipids including the ceramidases Ypc135 and Ydc1,36 the LCB 
kinases Lcb4 and Lcb5, the LCB-phosphate phosphatases Lcb2 and Ysr3 and the LCB lyase Dpl1.
Some may disagree, but I think it is fair to say that other than their basic catalytic function, we 
do not know the real physiological roles of these enzymes and their precursors and products in 
S. cerevisiae (reviewed in refs. 2-5,8,9). They must be important because most are conserved ine
fungi and other organisms.

Both natural and synthetic inhibitors of several enzymes in the sphingolipid biosynthesis
pathway have been identified and have been very useful in a range of experiments (reviewed in 
refs.3,37). These include myriocin, sphingofungins, lipoxamycin and viridiofungins that inhibit
serine palmitoyltransferase (SPT), the first enzyme in sphingolipid biosynthesis (Fig. 1), australi-
fungin and the fumonisins that inhibit ceramide synthase and aureobasidin and khafrefungin that
inhibit IPC synthase.

Membrane-Associated Functions and Processes
A screen for mutants defective in endocytosis gave the first indication that sphingolipids are

necessary for this process.38 The screen identified end8-1, later shown to be allelic with LCB1 and 
renamed lcb1-100.39 The lcb1-100 mutation causes serine palmitoyltransferase (Fig. 1) activity to0
be labile even in cells grown at a permissive temperature40 and sphingolipid synthesis becomes
limiting for growth at the restrictive temperature of 37˚C,41 most likely because LCB levels drop
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quickly and limit sphingolipid synthesis.42 The lcb1-100 mutation has been extremely useful for0
studying sphingolipid metabolism and functions. Sphingolipids affect multiple aspects of endo-
cytosis including the actin cytoskeleton and these will be described below in the section on signal 
transduction. Other experiments implicating sphingolipids in endocytosis used strains defective
in SNC1 and/or SNC2 that encode v-SNARE proteins.43 Sphingolipids have been shown to play 
several roles in endocytosis of the uracil transporter Fur4 (reviewed in ref. 9) as have the Slm
proteins44 (see below).

Sphingolipids along with sterols (cholesterol in mammals and ergosterol in fungi and plants) 
are critical for formation of microdomains within membranes that have been referred to as lipid 
rafts and are typically isolated by treating a yeast extract with detergent at low temperature to 
form what are referred to as detergent-insoluble complexes or detergent-resistant membranes.45,46

In S. cerevisiae rafts are vital for sorting and delivering membrane-bound proteins to their propere
cellular address and they are also necessary for fusion of cells during mating.45,47,48 Such proteins
include Pma1, which exports protons across the plasma membrane to maintain intracellular
pH and also to generate a proton gradient necessary for cells to take up nutrients from their 
surroundings.49-54 Other membrane proteins requiring rafts/sphingolipids include Gas1, a 
Beta-1,3-glucanosyltransferase and Nce2,49 Fus2, Fig1, Sho1, Ste1 and Prm1,55 Fur442,56 and Can1, 
an arginine transporter.57 The general amino acid permease Gap1 depends upon sphingolipids for
its transport to the plasma membrane in an active conformation capable of amino acid transport
and that can resist degradation.58

Roles for sphingolipids in exocytosis based upon suppressor mutant analyses were reviewed
previously.4,9 In wild-type cells the C26-fatty acid in sphingolipids is required for raft association
and stable surface transport of newly made Pma1 to the plasma membrane.59 Recently, a large-scale 
visual screen for genes that play roles in the sorting of proteins in the trans-Golgi network for
delivery by the exocytosis pathway to the cell surface identified genes in sphingolipid metabolism
(SUR2, SUR4 and4 YPC1).48 It is not clear why the Sur2, Sur3 and Ypc1 proteins are required for
protein sorting. Ypc1 is particularly interesting because it degrades phytoceramides.35

In mammals, sphingosine-1-phosphate is involved in intracellular calcium signaling through an 
unknown mechanism.60 Likewise, sphingolipids may regulate calcium fluxes and signaling pathways
in yeast, but the mechanisms are unknown (reviewed in ref. 2) and see also ref. 61 Cells defective
in CSG1 or CSG2 (Fig. 1) are sensitive to 100 mM calcium and this phenotype has played a key 
role in identifying genes in sphingolipid metabolism.33,34,62,63 Why mutants defective in CSG1
or CSG2 are sensitive to calcium is unclear, but it indicates a connection of some type between
sphingolipids and calcium metabolism or signal transduction and these potential connections are
presented below in the section on Signal Transduction Pathways.

Nutrient transport is affected by LCBs as first suggested by the extreme sensitivity of 
auxotrophic strains to LCBs in the culture medium.64 PHS, but not other LCBs, was found to 
block uptake of tryptophan, leucine, histidine and uracil.65 It is not entirely clear how LCBs
are regulating nutrient transport, except in the case of uracil where PHS has been shown to be
important for heat-induced, ubiquitin-mediated breakdown of Fur4, the uracil transporter.40

Other data also support the idea that heat-induced LCBs promote ubiquitination of proteins66

and that the immunosuppressant drug, FYT720, a synthetic sphingolipid-like molecule, acts in
ways very similar to PHS to inhibit yeast growth.29 As described below in Signal Transduction
Pathways, LCBs maybe regulating nutrient transporters via activation of the Pkh1/2 kinases (Fig.
2) or their downstream kinases such as Ypk1 or Sch9, which play roles in nutrient sensing.67-69

Interactions of some sort or cross-talk between sphingolipids and both ergosterol and glyc-
erophospholipids has been observed. For example, defects in ergosterol synthesis are suppressed
by mutations in SUR470 and a decrease in ergosterol content is compensated by an increase in 
sphingolipids.71 Other data show that defects in ergosterol synthesis affect hydroxylation of yeast
sphingolipids.72 Yeast cells also have mechanisms for maintaining asymmetry in the distribution
of sphingolipids and glycerophospholipids in the two leaflets of the plasma membrane so that a 
change in one class of lipids is compensated by a change in another class.73
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While the complex yeast sphingolipids, IPCs, MIPCs and M(IP)2Cs, are abundant, progress in 
identifying unique functions for them has been slow. The antifungal action of the plant defensin
DmAMP1, a peptide defensin produced by Dahlia merckii, requires M(IP)2C, which serves as a 
high affinity receptor.74 DmAMP1 is postulated to bind or interact with M(IP)2C-containing lipid
rafts making the plasma membrane more permeable thereby disrupting essential cellular processes.75

Syringomycin E is an antifungal cyclic lipodepsinonapeptide that interacts with the plasma mem-
brane and inhibits growth of S. cerevisiae cells by forming ion channels. Yeast mutants defective ine
ipt1, fen1, or sur4, scs7 and7 sur2 are drug resistant, showing that M(IP)2C with a C26-fatty acid and
PHS but not DHS is essential for the antifungal action of syringomycin E.76-78 While interesting, 
these results do not represent normal functions of the complex sphingolipids beyond their role as
structural components of the plasma membrane and essential elements of lipid rafts. One would 
imagine that they interact in physiologically essential ways with plasma membrane proteins, but 
evidence is lacking and will require advances in three dimensional structure of membrane proteins
bound to natural lipids.

Sphingolipids play roles in exocytosis of glycosylphosphatidylinositol-anchored proteins 
(reviewed in ref. 79). For example, transport of Gas1p from the endoplasmic reticulum to the 
Golgi apparatus requires ceramide or a related sphingolipid for transport.39,80,81 Furthermore, the 
diacylglycerol moiety in glycosylphosphatidylinositol anchors is often replaced by ceramide.79

Figure 2. S. cerevisiae signal transduction pathways regulated by LCBs. LCBs transiently 
increase during a heat stress and are hypothesized to activate Pkh1 and Pkh2. As discussed in 
the text, Pkh2 is probably more dependent upon LCBs than is Pkh1 although this has not been 
defined for each cellular response. Kinase assays with purified proteins suggest that LCBs can
directly trigger a small increase in Ypk1, Ypk2 and Sch9 activity (indicated by a dotted line).97

Pkh1/2 phosphorylate Ypk1, Ypk2, Sch9 and Pkc1 in their activation loop (PDK1 site) but the
proteins are not enzymatically active. To become active they also need to be phosphorylated
in a hydrophobic region (PDK2 site) and in a turn motif in their C-terminus. Phosphorylation 
of these sites in Ypk2 is mediated by TORC2124 and for Sch9 phosphorylation is mediated 
by TORC1.94 Ypk1/2 and Pkc1 are shown working in parallel pathways to control cell wall 
integrity, but data also support an alternative pathway in which Ypk1/2 work upstream of 
Pkc1.90,91 Adapted from reference 6.
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Sphingolipids and the Slm protein (see below) are required for exocytosis of arginine transporter
Can182 and references therein). Sphingolipids have also been shown to play roles in generating a 
functional V1 component of the vacuolar ATPase.83

Signal Transduction Pathways That Require Sphingolipids
One of the most exciting and extensively explored functions of sphingolipids is the regulation

of signal transduction pathways and ceramides and sphingosine-1-phosphate in mammals are
the most well documented signaling species.84-86 There is no firm evidence that ceramides and 
long-chain base phosphates play similar roles in yeast. Instead, LCBs appear to regulate signaling 
pathways. The one piece of evidence that would firmly establish LCBs as regulators of signaling 
pathways is to show that they bind to specific proteins such as the protein kinases discussed
below that are implicated to be regulated by LCBs (Fig. 2).

The first clue that LCBs might be intracellular signaling molecules or second messengers was 
the observation that they rapidly but transiently increase following heat stress typically executed in 
the laboratory by shifting cells from 25˚C to 37˚C or 39˚C87,88 and reviewed in detail in ref.4,9,10

Insight into LCB signaling pathways was first found during a screen to identify genes whose
overexpression bypassed growth inhibition by myriocin,89 an inhibitor of serine palmitoyltransferase 
(Fig. 1). The YPK1 gene bypassed the myriocin block. The Ypk1 protein kinase has a role in cell wall
maintenance and actin cytoskeleton dynamics,90,91 endocytosis92 and translation during nitrogen 
starvation and nutrient sensing.67 Ypk1 and its paralog Ypk2 are structural and functional homologs
of mammalian serum and glucocorticoid-inducible kinase (SGK).93 Ypk1 is phosphorylated and 
activated by Pkh193 and multiple copies of PKH1 were found to also bypass the myriocin block.89

One explanation for these results is that a sphingolipid acts upstream of and activates the Pkh1/
Ypk1-Ypk2 the signaling pathway. Myriocin-treated cells lacked a phosphorylated and presumably 
active form of Ypk1 but this form reappeared in vivo following PHS-treatment of cells. The original 
and still accepted view of these experiments is that PHS activates Pkh1 or its homolog Pkh2, which
then phosphorylate and activate Ypk1 and probably Ypk2. Many laboratories (reviewed in ref. 9,10)
have contributed data supporting this hypothesis and expanded it to include activation of other
kinases including Sch994 and Pkc1 which are activated by the LCB-Pkh1/2 pathway (Fig.2). To 
be active, Sch9 and Ypk1/2 must be phosphorylated at other residues by the Target of Rapamycin 
(TOR) pathways as indicated in Figure 2.

The diagram shown in Figure 2 suggests that Pkh1/2 and the kinases and cellular processes 
downstream of them are equally regulated by LCBs, but current data suggest that this is probably 
an oversimplification. First, initial analysis in vitro showed that purified Pkh2 was more strongly 
activated by LCBs than was Pkh1.95 Second, as discussed below, the Slm2 protein is more responsive
to sphingolipids (likely to be LCBs) than is Slm1, consistent with the finding that slm1� cells are
more sensitive to growth inhibition by myriocin than are slm2� cells.44 Likewise, homozygous dip-
loid pkh1� cells were 1000-fold more sensitive to myriocin than pkh2� cells, consistent with LCBs
having a stronger affect on Pkh2 than on Pkh1. Additionally, this screen found both heterozygous 
and homozygous diploid ypk1� cells to be extremely sensitive to myriocin while ypk2� cells were 
not sensitive, implying that LCBs regulate Ypk2 but not Ypk1 activity. These myriocin data only 
apply to a process or processes that are necessary for growth: nonessential processes may depend 
upon LCBs to regulate Pkh1 and Ypk1, as suggested by the finding that in vitro the activity of 
Pkh1 and both Ypk1 and Ypk2 is stimulated by LCBs.97 As mentioned above, demonstrating which
proteins bind LCBs would help to clarify their physiological roles.

Pkh1/2 are primarily found on eisosomes,98 newly described very large structures, estimated 
to contain about 2000 copies each of the Pil1 and Lsp1 proteins, which bind to the cytoplasmic 
face of the plasma membrane.99 Pil1 and Lsp1 are highly conserved but seem to be found only 
in fungi. Eisosomes play roles in endocytosis of lipids and some proteins and localize at cites of 
endocytosis where they may physically interact with the actin cytoskeleton based on confocal
fluorescent microscopy and genetic interaction studies.99 Pil98,100 and Lsp1 (Dickson, et al unpub-
lished data) are highly phosphorylated by Pkh1/2 and phosphorylation plays roles in assembly 
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and disassembly of eisosomes. Eisosomes are also thought to be involved in sensing changes in the
plasma membrane caused by stresses such as heat and then signaling the cell to adjust the lipid and 
protein composition of the membrane by endocytosis and exocytosis in order for cells to be more 
stress tolerant.98,100 Earlier data95 had indicated that Pil1 and Lsp1 indeed play roles in resisting heat
stress and they may do so in several ways including serving as binding sites for Pkh1/2 to enable 
them to properly control downstream kinases with known roles in heat and other stress responses
(Fig. 2). It is not known if some fraction of Pkh1 or Pkh2 also resides in other cellular locations 
or whether they cycle on and off of eisosomes. Clearly there is much to learn about eisosomes and
the role they play in regulating cellular processes.

Previous results from genetic suppression experiments34,101 suggested that sphingolipids
interacted in some manner with phosphoinositides, probably phosphatidylinositol-5,4-bisphos-
phate (PIP2) and with the TOR pathways. These novel interactions along with the calcineurin 
signaling pathway have now been shown by genetic and biochemical assays to control phosphoryla-
tion and dephosphorylation of the Slm1 and Slm2 proteins during heat stress thereby modulating 
actin polarization, endocytosis and sphingolipid metabolism.44,82,102

The Slm proteins have overlapping functions and at least one is required for viability.103 They 
also have a PH domain enabling binding to PIP2, known to arise transiently during stresses such as 
during heat shock on the inner leaflet of the plasma membrane.103,104 Slm binding to the membrane is4

further strengthened by interactions with the Avo2 and Bit61 subunits of the Target Of Rapamycin 
Complex 2 ( TORC2)103,105 and these protein-protein interactions promote phosphorylation of 
Slm1 and Slm2 by TORC2.103 The phosphorylated Slm proteins then mediate downstream effects 
of PIP2 and TORC2 that control roles of the actin cytoskeleton essential for growth, cell wall in-
tegrity and receptor-mediated endocytosis (Fig. 3). A recent study suggests that TORC2 is located
on eisosomes, if true, then eisosomes may play a role in Slm protein function.106

Data supporting a role for sphingolipids in regulating the Slm proteins and how they in turn
regulate sphingolipid synthesis and turnover were recently reviewed in ref.6 and are summarized
diagrammatically in Figure 3. The model depicts events during unstressed growth and during heat
stress: whether similar events are active during other stresses is unknown.44,82,102 Central to this 
model are the Slm proteins functioning downstream of the PIP2, TORC2 and LCB-Pkh1/2 sig-
naling pathways. Heat stress causes a transient increase in PIP2 thereby recruiting the Slm proteins 
to the plasma membrane where they are phosphorylated by TORC2 and also by Pkh1/2, which
are activated also by the transient burst of LCBs induced by heat. Activated Slm proteins control 
movement of the actin cytoskeleton via the Rho1/Pkc1 pathway. Unexpectedly, the Slm proteins
also control sphingolipid metabolism by down-regulating Isc1 activity, thus slowing breakdown 
of complex sphingolipids, especially the very abundant IPC-C (IPC with one hydroxyl group on
the C26 fatty acid.107 The Slm proteins also down-regulate calcineurin phosphatase activity, which
interacts with Csg2, in an unknown manner, to regulate conversion of IPC-C to MIPC. Hence,
during heat stress the Slm proteins are thought to interface between phosphoinositides and sphin-
golipids and orchestrate changes in membrane lipid composition to promote survival.

Once cells adjust to a heat stress they down-regulate activated Slm proteins by calcineurin-
mediated dephosphorylation in what appears to be a negative feedback loop (Fig. 3). It is also 
likely that IPC, possibly a specific pool of IPC-C, regulates actin organization and viability.102,108

Identifying this pool of IPC-C could provide important clues for understanding how such regula-
tion occurs.

Recognition that the LCB-Pkh1/2, PIP2 and TORC2 pathways use the Slm proteins 
and calcineurin to regulate sphingolipid metabolism provides a framework for deciphering the
molecular basis for maintaining sphingolipid levels that are optimal for growth in the absence 
of stress and for surviving a heat stress. Many questions remain unanswered. Do Pkh1/2 directly 
phosphorylate Slm1 and Slm2 or does one of the protein kinases regulated by Pkh1/2 (Fig. 2)?
Available evidence suggests that Pkh1/2 do not phosphorylate the Slm proteins nor do Ypk1/2,
but the data do not exclude these possibilities and more work is needed.82 How do the Slm proteins 
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regulate Isc1 activity? Does Isc1 play a direct role in regulating the actin cytoskeleton and how do
Csg1\2 interact with calcineurin?

Slm2 seems more dependent upon sphingolipids for function than does Slm1. First, haploid
slm1� cells are more sensitive to growth inhibition by myriocin than slm2� cells. Second, 
heat-induced and sphingolipid-dependent endocytosis of the uracil transporter requires Slm2 but
not Slm1.44 Lastly, a recent large-scale screen of deletion mutants found that slm1� heterozygous
and homozygous diploid cells were extremely sensitive to myriocin compared to all other gene 
deletion mutants including slm2� cells.96

Longevity and Cellular Aging
Long before it was realized that LAG1 (Longevity-Assurance Gene109) encodes a ceramide 

synthase,110,111 it had been found to affect replicative lifespan, measured by determining how 
many times a cell can bud. Deletion of LAG1 increases replicative lifespan by 50 percent,109 but
the mechanism remains unknown.

Sch9 (Fig. 2) plays roles in both replicative and chronological lifespan, measured by how long 
cells survive in stationary phase when division has ceased. Deletion of SCH9 increases chronological 9
lifespan by 300%112 and increases both the mean and maximal replicative lifespan.113 No one has 
yet determined if LCBs play a role in lifespan by regulating Pkh1/2 which in turn phosphorylate
Sch9 on threonine 570 in its activation domain.94,97 To be active, Sch9 must also be phosphorylated
by TORC1 at several serine and threonine residues located in its C-terminus.94

Figure 3. Synthesis and turnover of complex sphingolipids along with actin dynamics are regulated 
by PI4,5P2 and the Slm1 and Slm2 proteins. PI4,5P2, synthesized by Stt4 and Mss4 on the 
plasma membrane, in cooperation with the TORC2 and the Pkh1/2 protein kinases are proposed 
to activate Slm1 and Slm2. The Slm proteins then impair turnover of complex sphingolipids,
particularly IPC, by inhibiting Isc1 and they also regulate the calcium/calmodulin-regulated 
protein phosphatase calcineurin which dephosphorylates and inactivates the Slm proteins and 
also interacts with Csg1/2 in an unknown manner to regulate conversion of IPC to MIPC by 
the Csg1/2 enzymes. Regulation of the Rho1/Pkc1 pathway by Slm1/2 works independently
from regulation of sphingolipid metabolism. Genetic interactions suggest that IPC plays a
role in actin organization, but the mechanism is unknown. Pkh1/2 are probably attached to
eisosomes98 (not shown) as depicted in Figure 2. Adapted from reference 6.
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Isc1, which cleaves polar head groups from complex sphingolipids to generate ceramides, has
been shown to play a role in oxidative stress resistance (hydrogen peroxide) and chronological
lifespan.114 For lifespan measurements, cells were grown to log phase or early stationary phase in
YP medium containing glycerol as the carbon source and then transferred to water, a severe form 
of calorie restriction. Both log and stationary phase isc1� cells died extremely rapidly compared
to ISC1 cells, indicating that viability under these experimental conditions depends on Isc1 
function. The oxidative stress theory of aging argues that cells die because of oxidative stress and
several but not all measures of oxidative stress were elevated in isc1� cells. Apoptosis is induced
by oxidative stress and during aging115-118 and isc1� cells showed classic signs of apoptosis includ-
ing DNA fragmentation and activation of Yca1 metacaspase activity. The rapid loss of viability 
in calorie-restricted stationary phase isc1� cells was completely prevented by deletion of YCA1, 
arguing that Isc1 is involved in a pathway that regulates Yca1 and apoptosis.

To begin to elucidate the role of Isc1 in oxidative stress resistance and chronological lifespan, a 
global analysis of mRNAs was performed using microarray technology.114 Expression of 72 genes
was found to increase and sorting these into biological processes showed that six were involved 
in iron uptake. The authors reasoned that induction of these genes during iron abundance could
cause iron overloading and enhance oxidative stress. They found iron increased in both log and 
stationary phase isc1� cells and data from several types of experiments supported the notion 
that such accumulation contributed to but was not entirely responsible for increased oxidative 
stress and cell death. At this time it is not clear how Isc1 protects cells against oxidative stress
and apoptosis. A basic question is whether the ceramide generated by Isc1 activity is necessary 
for stress protection or whether accumulation of one or more complex sphingolipids such as 
IPC1-C in isc1� cells causes cell death. Others have argued that the increased level of M(IP2)C
found in isc1� cells30,114 is the cause of cell death. It would be interesting and novel if ceramide 
production by Isc1 protected against oxidative stress, since ceramide plays an opposite role in 
mammals during stresses and promotes cell death.84,119,120 Other roles for Isc1 were recently 
reviewed and readers are encouraged to examine previous work on this interesting enzyme.6,9

Finally, recent studies showed that overexpression of the Ydc1 ceramidase (Fig. 1) shortened 
chronological lifespan, but this shortening probably results from fragmentation of mitochondria 
and vacuoles and increased apoptosis and it is not clear how these studies relate to normal physi-
ological functions of Ydc1 and sphingolipids.121 Analysis of ceramides in Ydc1 overproducing cells 
showed that both dihydroceramides and phytoceramides were reduced, suggesting that the enzyme 
does not specifically hydrolyze dihydroceramides in vivo. These studies are supportative of a role 
for ceramide as an inducer of apoptosis in yeast similar to what transpires in mammals.

Regulation of Sphingolipid Biosynthesis
I think it is safe to say that we do not really understand how de novo sphingolipid synthesis is

regulated in any organism. Readers should consult previous reviews describing what we do know 
about the regulation of sphingolipid biosynthesis including regulation of gene transcription as
only the latest studies will be discussed herein.4-6,8-10

Recently it was shown that TORC2 controls ceramide synthase activity.122 The TOR protein 
kinases sense nutrients and stresses and coordinate metabolism both temporarily and spatially to 
regulate cell growth.123 All eukaryotes that have been examined contain two TOR protein complexes, 
TORC1, which is inhibited by rapamycin, a bacterial macrocyclic lactone and TORC2, which is
rapamycin-insensitive. A genetic screen had implied a link between sphingolipids, the TOR proteins 
and calcium homeostasis in yeast. This screen used the sensitivity of a csg2 mutant to 100 mM Ca��
to identify temperature-sensitive mutations that bypassed the calcium-sensitivity.62 Bypass mutations
occurred in several genes including TOR2 and AVO3/TSC11 that encode components of TORC2.34

TORC2 specifically controls the organization of the actin cytoskeleton in yeast and mammals.123

A critical advance in understanding the connection between TOR signaling and sphingolipids
relied upon the isolation of a temperature-sensitive allele of AVO3 (avo3-30) that diminished 
growth even at 30˚C. Three hours after shifting avo3-30 cells from 25˚C to 30˚C the major yeast0
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ceramide species containing PHS and a C26-fatty acid was 5-fold lower in concentration compared
to wild-type cells and minor ceramide species having shorter fatty acid chains were reduced about
10-fold.122 Even when grown at 25˚C, the concentration of the major ceramides was reduced 2-fold
in avo3-30 cells. These results implied a reduction in ceramide synthase activity in0 avo3-30 cells0
and this prediction was confirmed by measuring enzyme activity in cells grown at 30˚C.

How might TORC2 influence ceramide synthase activity? The Ypk2 protein kinase was known 
to be activated by TORC2124 and mutant ypk2 and avo3-30 cells showed similar defects in cell wall0
integrity and actin polarization, suggesting that Ypk2 working downstream of TORC2 and Pkh1/2 
(Fig. 2) might regulate ceramide synthase activity. This possibility was supported by data showing 
that a constitutively active allele of YPK2 reversed all avo3-30 phenotypes including the ceramide0
deficiency.122 These results argue that Ypk2 acts downstream of TORC2 to activate ceramide syn-
thase activity. The molecular details of how Ypk2 governs ceramide synthase activity remains to be 
determined. Further analysis implicated calcineurin as a regulator of ceramide levels. Deletion of 
the CNB1 gene, which encodes the calcineurin regulatory subunit B, restored ceramide levels in 
avo3-30 cells and promoted growth at 30˚C, suggesting that calcineurin down-regulates ceramide0
synthase activity. Perhaps calcineurin dephosphorylates ceramide synthase and one wonders if the
Slm proteins (Fig. 3) are somehow involved is such regulation. Surprisingly, deletion of CNB1
did not restore actin polarization to avo3-30 cells, implying that it is controlled by TORC2 in a 0
distinctly different manner from ceramide synthesis activity.

A reduction in ceramide synthase activity predicts an increase in DHS and PHS based upon 
previous work (reviewed in ref. 6) and avo3-30 cells did indeed have elevated DHS and PHS levels.0 122

These elevated LCBs could act in a feed-forward manner to activate ceramide synthase activity and 
promote synthesis of complex sphingolipids. This may occur because DHS and PHS activate Pkh1 
and Pkh2 which then phosphorylate Ypk2 in its activation domain while TORC2 phosphorylate
residues in the C-terminus (Fig. 2). To be active, Ypk2 must be phosphorylated in both domains. The
possibility of similar types of regulation of ceramide synthase in mammals has been discussed.125

These studies form a basis for understanding how yeast cells coordinate ceramide and sphin-
golipid synthesis with nutrient availability and cell growth and how synthesis is reduced during 
stress when cells need to shift from growth to survival mode. But there is likely to be a lot more to 
this story than is apparent now and there are likely to be many more layers of regulation including 
regulation of Isc1 as depicted in Figure 3.

Conclusion and Future Developments
Since sphingolipids are abundant in the plasma membrane and also present in smaller amounts 

in other cellular membranes and compartments it is not surprising that they have been found to
play roles in many processes occurring in or on membranes (Figs. 2 and 3 and see also Fig. 3 in 
ref. 9). Most of what we know about sphingolipid involvement in these processes has come from
directed, small-scale experiments involving one or a few proteins or cellular processes as readouts
and such studies will continue to be required to elucidate molecular mechanisms. Larger-scale,
genome or proteome-wide experiments have started to identify new roles for sphingolipids and
proteins that require sphingolipids for function.12,48,96,126-130 More large-scale experiments that inter-
rogate all yeast proteins need to be devised to determine if there are general rules for why proteins 
depend upon sphingolipids for function or whether such functional dependence is unique for each 
protein. The ability to analyze and quantify (“profile”) of nearly all species of sphingolipids in a 
single sample by mass spectrometry is a great advance in methodology that will likely become the
standard way to measure sphingolipids in yeast16,24,131,132 much as it has become the standard way to
analyze sphingolipids in mammals.131,133 One of the most challenging problems will be to advance
our understanding of the roles that sphingolipids play in cells from phenomenology and associa-
tions to molecular mechanisms. This will require techniques to measure sphingolipid binding to
proteins either in vivo or in vitro and to demonstrate that binding promotes or inhibits a cellular 
process. For example, do LCBs directly interact with Pkh1/2 to stimulate their activity or do they 
act indirectly such as by binding to eisosomes which then activate Pkh1/2?
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Abstract

Sphingolipid involvement in infectious disease is a new and exciting branch of research. 
Various microbial pathogens have been shown to synthesize their own sphingolipids and 
some have evolved methods to “hijack” host sphingolipids for their own use. For instance,

Sphingomonas species are bacterial pathogens that lack the lipopolysaccharide component typi-
cal but instead contain glycosphingolipids (Kawahara 1991, 2006). In terms of sphingolipid 
signaling and function, perhaps the best-studied group of microbes is the pathogenic fungi.

Pathogenic fungi still represent significant problems in human disease, despite treatments 
that have been used for decades. Because fungi are eukaryotic, drug targets in fungi can have 
many similarities to mammalian processes. This often leads to significant side effects of antifungal
drugs that can be dose limiting in many patient populations. The search for fungal-specific drugs
and the need for better understanding of cellular processes of pathogenic fungi has led to a large
body of research on fungal signaling. One particularly interesting and rapidly growing field in 
this research is the involvement of fungal sphingolipid pathways in signaling and virulence. In 
this chapter, the research relating to sphingolipid signaling pathogenic fungi will be reviewed 
and summarized, in addition to highlighting pathways that show promise for future research.

Sphingolipid Synthesis
Sphingolipid synthesis in pathogenic fungi is largely conserved among species. Early steps in 

the process, such as the condensation of palmitoyl-CoA with serine to form 3-ketodihydrosphin-
gosine, are the same in Saccharomyces cerevisiae. S. cerevisiae is often the gold standard for model
systems, but in this context, that system is limited by the fact that S. cerevisiae has very different
sphingolipid metabolism from most of the significant fungal pathogens. Both S. cerevisiae and
fungal pathogens like Candida albicans make phytoceramide for instance (a modified ceramide
with a carbon 4 hydroxylation on its backbone instead of the 3,4 desaturation). Phytoceramide
is often conjugated with very long chain fatty acids and can be used to make more complex
sphingolipids such as inositol-phosphoryl ceramide (IPC). In addition to this pathway, most
pathogenic fungi also synthesize a different ceramide that contains the 3,4 desaturation and 
cannot be referred to as phytoceramide. This ceramide is typically conjugated to a 16-18 carbon
acyl chain and undergoes additional modifications. These modifications include an additional 
sphingoid backbone desaturation between the 8th and 9th carbons and a methylation of that
backbone on the 9th carbon. Typically, the acyl chain is hydroxylated at the �-carbon posi-
tion. This modified ceramide is the substrate for an enzyme called glucosylceramide synthase
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(Gcs1), which glycosylates this molecule on the hydroxyl group of the 1st carbon, creating 
glucosylceramide (GlcCer). Though there is no direct evidence of cross talk between the gluco-
sylceramide synthase pathway and the pathway leading to the synthesis of inositol-phosphoryl
ceramide-containing lipids, this possibility cannot be ruled out. The structures of major fungal
sphingolipids are found in Figure 1.

Cryptococcus Neofomans: Model of Sphingolipid Signaling in Fungi
Cryptococcus neoformans is an encapsulated fungal pathogen that primarily affects

immunocompromised patients (ex. HIV/AIDS patients, transplant candidates and patients on

Figure 1. Chemical structures of C26 phytoceramide, C26 inositol phosphoryl ceramide,
diacylglycerol, C18�-hydroxy-Δ8, 9methyl-ceramide, C18�-hydroxy-Δ8, 9methyl-glucosylcer-
amide (fungal glucosylceramide) and C18 glucosylceramide (mammalial glucosylceramide).
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long-term steroid treatments). This environmental yeast is inhaled to the lungs, where it can live 
extracellularly or intracellularly (inside the phagolysosomes of alveolar macrophages). Infection 
with this organism is known as cryptococcosis. In some patients, the fungus disseminates to the
bloodstream, seeding many organ systems, but eventually proliferating in the central nervous
system. This scenario represents a significant medical emergency, as C. neoformans is the lead-
ing cause of fungal meningoencephalitis in the world and the disease is lethal if left untreated. 
Cryptococcus has several recognized virulence factors, such as the production of melanin and
the polysaccharide capsule.

Sphingolipid studies in C. neoformans have revealed some interesting implications for sig-
naling pathways involving these molecules. Beyond understanding fungal biology on a cellular
and biochemical level, the study of the fungal sphingolipid pathway is advantageous due to the
fact that many of the enzymes and products are distinct in structure and function from their
mammalian counterparts. This distinction makes them great candidates for drug targets.

The best-studied example of this paradigm is inositol-phosphoryl ceramide synthase (Ipc1). 
This enzyme uses phytoceramide and phosphatidylinositol (PI) as substrates, transferring the 
phosphorylinositol moiety to phytoceramide. In addition to the generation of inositol-phos-
phoryl ceramide (IPC), diacylglycerol (DAG) is also released as a product of this reaction. 
Early studies on Ipc1 in C. neoformans implicated the enzyme in virulence pathways. In strains 
where Ipc1 is downregulated, melanin production is impaired and the strain has growth deficits
when inside alveolar macrophages. When tested in mouse models of cryptococcosis, the strain 
lacking Ipc1 was less virulent in comparison to the wildtype C. neoformans. Studies on IPC
metabolism have also given clues to the role of this reaction in virulence. Inositol phosphos-
phingolipid-phospholipase C (Isc1) is the enzyme that catalyzes the reverse reaction of Ipc1, 
which is to remove the phosphotidylinositol component from IPC. A strain of C. neoformans
in which this enzyme is deleted (�isc1) shows reduced virulence in immunocompromised
mouse models. However, when macrophages are depleted in this model, �isc1 will disseminate 
and cause meningoencephalitis. The Ipc1/Isc1 balance seems to play a role in the interaction
between C. neoformans and the alveolar macrophages.

Further studies into the mechanism underlying the connection between Ipc1 and virulence 
of C. neoformans have shown that the production of DAG is a common step of at least two
separate determinants of virulence in this fungus. As mentioned, early studies downregulating 
Ipc1 showed impairments in melanin production. This interaction was found to be mediated 
by cryptococcal protein kinase C (Pkc1). DAG, the byproduct of Ipc1 activity, was found 
to bind to the C1 domain of Pkc1. This binding led to an increase in Pkc1 activity and that 
activation was abolished by the selective deletion of the C1 domain. It is known that Pkc1 and
several pathway components are required for proper cell wall integrity, including the function
of some cell wall-associated enzymes. One such enzyme is laccase, which is responsible for
the synthesis of melanin. The defect in melanin synthesis observed in Ipc1-downregulated
strains was caused by improper localization of laccase to the cell wall, due to reduction in 
DAG-dependent Pkc1 activity.

Another way in which DAG production has been linked to virulence involves the fungal-
macrophage interaction. C. neoformans has methods to avoid phagocytosis by alveolar
macrophages when necessary, including the polysaccharide capsule. One such method is the 
production of antiphagocytic protein 1 (App1). When App1 is deleted, the resulting strain 
(�app1) shows reduced virulence in immunocompromised mice. The production of App1 is 
driven, transcriptionally, by the presence of DAG. DAG binds and activates the transcription
factor Atf2. Atf2 activation promotes the transcription of App1 and thus evasion of phagocytosis
leading to increased virulence. App1, in addition to regulating phagocytosis, has been shown
to bind host complement receptors CR2 and CR3, suggesting even more complex fungal-host 
interactions affected by production of DAG in C. neoformans. The downstream effects of Ipc1
activity are summarized in Figure 2.
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Sphingolipid Signaling in Other Pathogenic Fungi
While many groups have discovered and characterized sphingolipid components of other 

pathogenic fungi, few have delved into the role of these lipids in signaling or cellular processes. 
One such fungus is Candida albicans. C. albicans is a dimorphic fungus that normally lives as a 
commensal organism in the human gut and urogenital tract. In immunocompromised patients,
C. albicans can cause significant disease, including systemic dissemination. Recent evidence
in Candida albicans has shown possible sphingolipid involvement in endocytosis and plasma 
membrane functions. Sur7 is a membrane bound enzyme known to be involved in sphingolipid
membrane makeup in S. cerevisiae. When the homolog of Sur7 was deleted in C. albicans, the
resulting strain showed defects in hyphal morphogenesis, endocytosis and cell wall formation.
Confirming the role of sphingolipids in this process, blocking sphingolipid synthesis resulted in
disruption of Sur7 patches in the plasma membrane. Though this has yet to show the definitive
role of sphingolipids in this process, their involvement is clear. Also, the function and localiza-
tion of some multidrug resistance proteins in C. albicans have been shown to be dependent on
membrane sphingolipid composition.

Conclusion
The signaling pathway involving Ipc1 and the production of DAG is clearly related to virulence

in more ways than one. What other sphingolipid metabolic pathways could be involved in virulence
of C. neoformans and other pathogenic fungi? Recall that in addition to IPC-based sphingolipids, 

Figure 2. Sphingolipid signaling in Cryptococcus neoformans. Inositol phosphoryl ceramide 
synthase 1 (Ipc1) in C. neoformans produces diacylglycerol (DAG) in addition to inositol
phosphoryl ceramide IPC). DAG binds to the C1 domain of protein kinase C1 (Pkc1), which 
is important for cell wall integrity. This integrity is crucial for localization of laccase, the 
enzyme responsible for melanin synthesis. In addition, DAG also activates the transcription 
factor Atf2, which leads to transcription of the antiphagocytic protein 1 (App1). Both App1 
and melanin regulate pathogenicity of C. neoformans.
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most pathogenic fungi synthesize glucosylceramide that is not based on a phytoceramide backbone.
The synthesis of these GlcCers requires enzymes that introduce the desaturation of the sphingoid 
backbone between carbons 8 and 9 as well as the methylation of the ninth carbon. Examinations 
into the function of these enzymes as well as glucosylceramide synthase have suggested major roles 
in biology and virulence. In Candida, for instance, the sphingolipid�8-desaturase, responsible for 
the backbone desaturation at that position, is required for proper hyphal growth. The function of 
the methyltransferase responsible for the C9 methylation seen in most fungi was studied in the 
plant pathogen Fusarium graminerum. Disruption of the enzyme encoding this enzyme resulted 
in a strain that showed defects in virulence, growth and differentiation. When the gene for gluco-
sylceramide synthase is deleted in C. neoformans, the resulting strain shows condition-dependent 
growth defects as well as a lack of virulence in inhalation mouse models. Taken together, these
studies are beginning to uncover the roles of the “glucosylceramide branch” of sphingolipids in
pathogenic fungi. Like enzymes involved in IPC production, many of these enzymes are unique 
to fungi and thus represent attractive possibilities as therapeutic targets. Though the signaling 
mechanisms involved are unclear, these observations may represent the beginning of new under-
standings into the role of sphingolipid signaling in pathogenic fungi.
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Abstract

The surface of most protozoan parasites relies heavily upon lipid-anchored molecules, to form 
protective barriers and play critical functions required for infectivity. Sphingolipids (SLs)
play important roles through their abundance and involvement in membrane microdomain

formation, as well as serving as the lipid anchor for many of these molecules and in some but possibly 
not all species, as important signaling molecules. Interactions of parasite sphingolipid metabolism
with that of the host may potentially contribute to parasite survival and/or host defense. In this
chapter we summarize current knowledge of SL structure, synthesis and function in several of the 
major parasitic protozoan groups.

Introduction
Protozoan pathogens have tremendous negative impact on human health and prosperity.

Malaria, a mosquito-borne disease caused by Plasmodium parasites, is responsible for 350-500
million cases and more than one million deaths each year. Trypanosomatid parasites including 
Trypanosoma cruzi, Trypanosoma brucei and Leishmania spp infect 20-30 million people world-
wide, causing a spectrum of devastating diseases from disfiguring skin lesions to lethal visceral, 
cardiac and cerebral infections.1-3 Other parasitic protozoans such as Toxoplasma gondii, Giardia 
spp. and Entameoba histolytica are widely distributed pathogens capable of causing severe diseases 
in humans. As yet, there are no safe vaccines for any of these parasites, leaving drug treatments as 
the major strategy for control. Available drugs are compromised by low efficacy, high toxicity and 
wide spread resistance.2,4 It is important, therefore, to identify parasite-specific virulence pathways
and develop novel inhibitors that target them.

Sphingolipids (SLs) are ubiquitous membrane components in pathogenic protozoans (Table 1).
In comparison to mammals and fungi, knowledge about metabolism, structure and function of SLs 
in parasitic protozoa is limited and an area of active research. Trypanosomatids such as Trypanosoma
and Leishmania spp. synthesize large amounts of unglycosylated inositol phosphorylceramide (IPC), a 
lipid found widely among fungi and plants. Trypanosomes also synthesize sphingomyelin (SM), a lipid 
commonly found in mammals. Apicomplexan parasites including Plasmodium spp mostly synthesize
SM and glycosyl-SLs, although a recent report suggests inositol-SLs occur in Toxoplasma gondii.5

In this chapter, we review recent findings about the roles of SL metabolism in pathogenic 
protozoa.

Leishmania
Leishmania represents one of the three major lineages of trypanosomatid protozoans, which

may have separated as long as 250-500 million years ago.24 Parasites within the genus Leishmania
are transmitted by Phlebotomine sand flies and cause a spectrum of diseases, varying from mild 
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self resolving cutaneous lesions, to fatal visceral infections and disfiguring mucosal manifestations. 
There is a strong albeit imperfect tendency for these phenotypes to be associated with individual
species, for example L. major andr L. mexicana with cutaneous disease, L. donovani with visceral
disease and L. braziliensis with mucocutaneous disease. The biochemical basis underlying these
different disease manifestations is largely unknown. Leishmania live extracellularly within the 
sand fly midgut, but within an acidified, fusogenic phagolysosome of the macrophage within the
mammalian host.

Sphingolipids were reported first in L. donovani25,26 and thereafter in all species studied. 
Notably the predominant SL was IPC, more typical to those found in fungi than in the mam-
malian hosts. Methods for mass spectrometric analysis and quantification of IPCs were devel-
oped and have shown that the structure within both the promastigote and amastigote stage 
of Leishmania major are IPC-d16:1 (phosphoryl inositol N-stearoylhexadecesphing-4-enine, r
d16:1/18:0-PI-Cer) and IPC-d18:1 (phosphoryl inositol N-stearoylsphingosine, d18:1/18:0-
PI-Cer), respectively, with IPC-d16:1 being more abundant. IPCs are present in an abundance 
of about 2 � 108 molecules per cell, nearly 10% of the total membrane phospholipids.6,7,27

Additionally, several studies have reported the presence of mammalian type sphingolipids on
Leishmania amastigote residing in mammalian macrophages. Current data from diverse species 
suggest that these arise in some manner by transfer from the mammalian host rather than direct 
synthesis by the parasite.28-30

The occurrence of the parasite specific IPC suggested that Leishmania organisms encode
a complete, functional SL sphingolipid pathway31 (Fig. 1). In the de novo pathway, activi-
ties and/or genes have been found for serine palmitoyl transferase (SPT1/SPT2), ceramide 
synthase (LAG1/CERS) and IPC synthase IPCS1.6,27,32,33 On the degradative side, a sphin-
gosine 1-P lyase SPL33 has been functionally identified; parasites also encode a homolog 
of the IPC phospholipase C ISC1 (Lmj08.0200) and sphingosine kinase (LmjF26.0710).
There are potential homologs encoding dihydroceramide desaturase, 3-ketosphingosine 
reductase, ceramidase and sphingosine 1-P phosphatases as well, although the evolutionary 
distances make firm conclusions premature. Future studies will likely fill in missing steps 
and/or confirm the assignments above. Orthologs of all of these genes are found in the other 
trypanosomatid genomes.

Table 1. Composition of higher order SLs in parasitic protozoa

Species Sphingolipids Identified References

Leishmania major IPC 6, 7

Trypanosoma brucei IPC (procyclics only) 8, 9

EPC (blood stream forms only) 10

SM 10, 11

Glycosyl-cer 12

Trypanosoma cruzi IPC* 13, 14

SM 15

Plasmodium falciparum Glycosyl-cer, SM 16, 17

Toxoplasma gondii Glycosyl-cer, SM, IPC? 5, 18

Trichomonas vaginalis IPC*, SM 19-21

Giardia lamblia SM 22, 23

*: Glycosylated and used as anchors for lipopeptidophosphoglycan (LPPG) and some surface proteins.
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SL Pathway Genetics
Genetic studies of SL metabolism have yielded some surprises in Leishmania major. Two 

studies reported the generation of null mutants of one of the subunits (SPT2) required for serine
palmitoyl transferase activity in L. major promastigotes, the stage normally carried by the sand fly r
vector.6,27 Mass spectrometry confirmed these parasites completely lacked SLs including IPC, yet
these organisms grew normally in logarithmic phase and continued to make ‘lipid rafts’ as judged 
by several criteria. This was remarkable as SLs are considered essential membrane components in
all eukaryotes. The ability of Leishmaniaff to survive in their absence may reflect their rather unique 
membrane composition, with ergosterol substituting for cholesterol and high levels of plasmalogen
ether phospholipids, both of which strongly promote raft formation.

While normal in logarithmic phase, upon entry into stationary phase spt2 � parasites showed 
severe defects including loss of viability and abnormalities including accumulation of small
vesicles reminiscent of multivesicular bodies, lipid inclusions and defects in the formation of 
acidocalcisomes.34 While originally attributed to a defect in SL synthesis, subsequent studies of a 
null mutant (spl �) lacking the SL degradative enzyme sphingosine-1-P lyase (SPL) revealed a very 
similar set of phenotypes to those of spt2 �. Genetically this suggests that both defects lay upstream 
of a critical metabolite, which was predicted from metabolic pathway analysis and then shown to 
be ethanolamine (EtN).33 Provision of EtN completely reversed most phenotypes of the spt2 � and
spl � mutants, except a modest difference in log phase cell shape. Thus, in L. major promastigotesr
the primary role of SL synthesis appears to be focused on provision of EtN, rather than the more 
typical roles in other eukaryotes critical to cell signaling and raft formation.33

SL Salvage by Amastigotes
The requirement for SLs in the promastigote stage when propagated in its native sand fly 

vector has not been reported thus far. However, despite the complete absence of SLs, spt2 � mutant
parasites remain able to induce infections in the mammalian host more or less normally (when 

Figure 1. Kinetoplastid sphingolipid pathways. Synthetic pathways are indicated by black 
arrows, degradative pathways by red arrows. Names of key enzymes are indicated in red. 
Sites of inhibition by myriocin and aureobasidin A (AbA) are also indicated. Abbreviations:
3-KDS, 3-ketodihydrosphinganine; PE, phosphatidylethanolamine; PC,  phosphatidylcho-
line; PI, phosphatidylinositol; EPC, ethanolaminephosphoryl ceramide; SM, sphingomyelin; 
IPC, inositolphosphoryl ceramide; EtN, ethanolamine; EPCS/SMS/IPCS, sphingolipid synthases 
as indicated; SMase, sphingomyelinase; ISC1, inositol phosphosphingolipid phospholipase-C. 
The attachment and role of SLs in the attachment of membrane proteins in glycoconjugates 
is not shown in this figure.
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grown in EtN), consistent with the down regulation of SPT2 seen in parasite development.6,27,34

Remarkably, when isolated from mammalian hosts, spt2 � amastigotes showed normal IPC levels.34

This mandates some form of SL salvage to occur within the amastigote-bearing phagolysosomes,
either as sphingoid bases, ceramide, or complex SLs followed by some form of remodeling into 
parasite IPCs. The transfer of mammalian SLs to the amastigote surface mentioned earlier is one
likely route for this to occur, although this has not been proven.

Given the role of SLs in mammalian cell biology and signaling, several studies have found 
alterations in mammalian SL metabolism in Leishmania-infected macrophages in vitro, including 
alterations in ceramide levels that could contribute to parasite survival.35,36 These studies suggest the 
possibility of a fascinating interplay between host and parasite SL metabolism, extending beyond
nutritional factors into signaling pathways relevant to parasite survival and/or host defense.

Other Leishmania Species
Genetic studies of SL metabolism have concentrated thus far on L. major. One might reason-

ably predict from similarities in SL pathway gene content and organization amongst Leishmania
species that these species might behave similarly. However the same might have been said for
comparisons with trypanosomes, yet unlike L. major de novo SL synthesis is clearly essential inr
these species (discussed below). There are precedents for major differences the dependency upon
glycoconjugate pathways in Leishmania despite seemingly identical biochemical functions, one
example being the Golgi GDP-mannose transporter which is required for amastigote virulence 
in L. major but notr L. mexicana.37,38

Inhibition of SL Synthetic Pathways
The lack of SL dependency for promastigote growth and the reliance upon salvage rather than

de novo synthesis in the amastigote stage may argue that inhibition of de novo SL synthesis, or 
at least that of sphingoid bases, is unlikely to be a good target for inhibition in these species. In
contrast, L. major amastigotes maintain IPC levels and in combination with the potential forr
interactions with host SL pathways, suggesting that inhibition of IPC synthesis may offer a valid 
chemotherapeutic target, as proposed in fungi.

The best studied IPC synthase (IPCS) inhibitor is aureobasidin A (AbA), which inhibits
fungal growth at in the nanomolar range (�50 nM) and fungal IPC synthase in the subnanomolar
range.39,40 Leishmania species are much less sensitive, requiring 1-10	M.32,34,41 While AbA inhibits
L. major promastigote growth with an ECr 50 of 0.6 	M, MS analysis revealed no effect on IPC 
synthesis at this concentration and IPC synthesis inhibition was not seen until 5.0 	M AbA.6

Consistent with these findings, studies of heterologous expressed IPCS suggests an enzymatic
IC50 on the order of 100 	M.32 Lastly, AbA was similarly toxic to the spt2 � parasites, which lack 
IPC.27,34 These findings suggest that the major inhibitory activity of AbA against Leishmania 
major in vivo may involve a target other than IPCS, while not yet excluding IPCS as a potential r
amastigote target for more effective inhibitors in the future.

Trypanosoma brucei (i ssp(( ) and Trypanosoma cruzi
These related trypanosome species cause two distinct human diseases: African Trypanosomiasis, or

Sleeping Sickness, (T. brucei ssp) and South American Trypanosomiasis, or Chagas disease (T. cruzi). 
Because of the predominance of IPC in the related kinetoplastid genus Leishmania, both groups of 
trypanosomes have also been generally thought to contain mostly IPC, despite early compositional 
studies indicating the presence of SM in each (Table 1). However, as is the case with Leishmania, 
there are marked differences within the genus Trypanosoma in regard to geographical distribution, life
cycle, biochemistry and disease pathology. Consequently, it is not surprising that there are significant
differences in sphingolipid composition and metabolism between the trypanosomal species.

Trypanosoma brucei
African trypanosomes have a life cycle that alters between the bloodstream of the mammalian

host and the insect vector, the tsetse fly (genus Glossina). There are two replicative forms that are 
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amenable to in vitro study, the pathogenic bloodstream form and procyclic insect form, which
is found in the tsetse midgut. Early compositional studies reported the presence of SM in both 
stages11,42 and the presence of IPC was suggested,11 although this was not confirmed with known 
standards or enzymatic treatments. More recently high-resolution mass spectroscopy has confirmed
the presence of both SM and IPC, as well as the unusual phosphosphingolipid, ethanolamine 
phosphorylceramide (EPC).8,10,43 In addition, neutral glycosphingolipids have also been indenti-
fied in bloodstream stage parasites.12 Interestingly, synthesis of phosphosphingolipids is develop-
mentally regulated in T. brucei.10 Both compositional analyses and biosynthetic assays measuring 
the incorporation of fluorescent ceramide analogues indicate that SM is actively synthesized in 
both bloodstream and procyclic stages, but IPC is only synthesized in procyclic trypanosomes. 
Furthermore EPC is only found in bloodstream stage parasites. However, this finding may be a 
matter of sensitivity since EPC levels are very low even in the bloodstream stage. Another aspect of 
developmental regulation is the ceramide platform used in sphingolipid synthesis. A fairly standard
mixture of dihydroceramide (d18:0/16:0, N-palmitoylsphinganine) and ceramide (d18:1/16:0,NN
N-palmitoylsphingosine) are found in both stages, but in both the pool of ceramide precursorsNN
and mature phosphosphingolipids the ratio favors dihydroceramide in procyclic parasites and 
ceramide in bloodstream forms. This difference likely derives from differential expression or regula-
tion of dihydroceramide desaturase, the enzyme responsible for conversion of dihydroceramide 
to ceramide. Sphingolipid synthesis is essential in T. brucei. Pharmacological44 and genetic43 inter-
diction of the first enzyme of sphingoid base synthesis, serine palmitoyl transferase, is lethal and
can be rescued with the immediate downstream product, 3-ketodihydrosphingosine. Exogenous
EtN cannot rescue lethality however, indicating that T. brucei relies on sphingoid base synthesis 
for something other than production of essential EtN, unlike L. major (Fig. 1). Presumably thisr
dependency is synthesis of complex sphingolipids.

Trypanosoma cruzi
South American trypanosomes have a more complicated life cycle with multiple morpho-

logical forms, all of which can be maintained in vitro. Log phase cultured epimastigotes mimic 
the replicative form found in the insect vector, reduvid bugs. Upon entry into stationary phase, 
parasites differentiate to a trypomastigote form that closely mimics the infectious metacyclic
trypomastigotes found in the reduvid hindgut. These can invade cultured mammalian cells where
they differentiate into replicative amastigotes. Nonreplicative trypomastigotes are subsequently 
released and go on to infect new host cells. These culture-derived trypomastigotes correspond
to the circulating trypomastigotes that are responsible for maintaining the natural mammalian
infection and for transmission back to reduvids during a blood meal. Several compositional stud-
ies with epimastigotes reported the presence of SM, but failed to note the presence of IPC.45-47

However, radiolabeling with (3H)palmitate and mass chemical analyses revealed the presence 
of free IPC in the cellular pools of phospholipids in both epimastigotes, tissue culture derived 
trypomastigotes and in vitro differentiated amastigotes.14,48,49 The level of IPC synthesis increases 
during differentiation of trypomastigotes to amastigotes, both in infected myoblasts and during 
in vitro differentiation.50 These studies failed to detect SM, but they did reveal the ceramide
content of IPC to be a mixture of dihydroceramide (d18:0/16:0, N-palmitoylsphinganine) andNN
ceramide (d18:1/16:0, N-palmitoylsphingosine), with lesser amounts of each containing stearateNN
as the N-acyl group (d18:0/18:0 and d18:1/18:0). No ceramides containing longer chain fatty NN
acids, e.g., lignoceric acid (C24:0) were detected, but it must be noted that mass chemical analyses
were only performed with epimastigotes48 and conclusions based solely on radiolabeling can be
misleading. Neutral glycosphingolipids have also been identified in epimastigotes by mass chemi-
cal approaches.51 These include gluco-, galacto- and lactosylceramides composed of sphingosine
with N-acyl mixtures of saturated, unsaturated and hydroxylated fatty acids of predominantly 16NN
carbon (palmitate) and 24 carbon (lignocerate) lengths. Similar structures are found in neutral 
glycosphinolipids of heart muscle and it has been proposed that this mimicry may contribute to
pathogenesis associated with chronic Chagas disease.52
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As in Leishmania, the role of IPC in T. cruzi has been investigated using the fungal IPCS
inhibitor AbA. High concentrations of AbA (�20	M) inhibited in vitro differentiation of amas-
tigotes50 and the generation of culture-derived trypanosomatids.53 However, it is has no effect on 
growth of epimastigotes, even at excessive concentration (�50 	M) and likewise is completely 
ineffective against IPC synthase in a direct enzymatic assay with epimastigote membranes.53 These
findings strongly suggest that any inhibition of trypomastigotes/amastigote differentiation is likely 
due to secondary off-target effects and furthermore that there are considerable differences between 
fungal and kinetoplastid IPC synthases.

Unlike Leishmania and the African trypanosomes, IPC is also used as a membrane anchor for
two abundant cell surface glycoconjugates: lipopeptidophosphoglycan (LPPG) and the mucin-like 
glycoproteins. First characterized in stationary phase epimastigotes, LPPG is a free glycosylphosphati-
dylinositol (GPI)-like molecule unusual in being constructed on IPC rather than phosphatidylinosi-
tol, as is typical for GPI structures.54-57 Strikingly, mucins from metacyclic trypomastigotes, derived
from stationary phase epimastigote cultures, are anchored by an almost identical structure, differing 
primarily in the absence of two �-linked galactofuranose moieties attached to the tetramannose core 
of LPPG and the presence of the ethanolamine phosphate bridge to the mucin polypeptide chain.58

In each case the ceramide glycoinositol lipid platform is a mixture of ceramide and dihydroceramide 
(d18:1 and d18:0), N-acylated with either palmitate (C16:0) or lignoceric acid (C24:0). Furthermore,NN
both structures are developmentally regulated. LPPG and mucin glycoinositol lipid anchors from
log phase epimastigotes are constructed on a standard phosphatidylinositol platform, but in all other
regards resemble the equivalent IPC-based structures from stationary cultures.58-60 This developmental 
shift in glycoinositol lipid anchor structure is not universal since 1G7-antigen, a metacyclic-specific 
surface marker, has a glycerolipid anchor, even as the mucins are being overwhelmingly converted
to a ceramide-based anchor.61 Ceramide-based glycoinositol lipid anchors are also found on the
amastigote-specific Ssp4 antigen49 and the trans-sialidase of culture derived trypomastigotes. It
seems likely that these ceramide-based structures are made by remodeling of a de novo synthesized 
glycerolipid GPI structure, as is known to happen in yeast,62 since no evidence could be found for de 
novo synthesis of GPI-like structures on an IPC platform.63 A possible remodeling pathway could 
be transfer of the entire glycoinositol head group from the initial glycerolipid anchor to a ceramide 
accepter in a reaction analogous to the synthesis of phosphosphingolipids by head group exchange 
with phosphoglycerol lipids. Subsequent remodeling of the N-acyl group could introduce lignoceric NN
acid, which is not found in the general pools of ceramide and IPC, into a subset of the ceramide 
anchors. Several of the enzymatic activities required for ceramide fatty acid remodeling have been 
reported in membrane extracts of T. cruzi.50

Trypanosomatid Sphingolipid Synthases
The trypanosomatid protozoa have an orthologous gene family of documented sphingolipid

synthases.10,32 L. major has a single gene (r LmjIPCS), T. brucei has four tandemly arrayed genes
(TbSLS1-4) and T. cruzi has a single gene (TcSLS). The evolutionary relatedness of these genes is
confirmed by their syntenic location on the chromosomes of the three species. All the gene prod-
ucts, have clear homology to mammalian sphingomyelin synthases64 by reciprocal Blast searching, 
but no obvious sequence relationship to yeast IPC synthase.39 Nevertheless, LmjIPCS has been
biochemically characterized as a true IPC synthase.32 One of the T. brucei gene products (TbSLS4)i
is a bifunctional SM/EPC synthase10 and while it is possible that one or more of the other genes
(TbSLS1-3) may be an IPC synthase, this seems unlikely given the high degree of sequence identity 
for the predicted proteins. There is currently no evidence concerning the biosynthetic specificity of 
the T. cruzi enzyme. The T. brucei genes are constitutively expressed and simultaneous knockdown 
of the entire locus by pan-specific RNAi is rapidly lethal for bloodstream parasites, likely due to
toxic effects of a 4-5 fold increase in cellular levels of ceramide. No data are currently available
for the essentiality of the T. cruzi ortholog. One might predict from the viability of the L. major
de novo SL synthetic mutant spt2- that Leishmania IPCS would not be essential; this is under
investigation currently.
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All members of the gene family contain the catalytic residues and four signature sequence motifs 
(D1-4) defined for mammalian SM synthases.65 Two of these motifs (D1-2) are absent from yeast
IPCS, further emphasizing the lack of direct relatedness with the kinetoplastid enzymes. All of 
the parasite sphingolipid synthases conform to a six transmembrane topology model predicted 
for mammalian SM synthase 2.10 Collectively these data suggest that the kinetoplastid sphingo-
lipid synthase family evolved from a common ancestral SM synthase gene and that subsequently 
the Leishmania gene diverged to encode an IPC synthase activity. If true this implies that IPC
synthetic capability has evolved at least twice in eukaryotes, once in the kinetoplastids and once 
in a fungal lineage.

Plasmodium falciparum
Malaria parasites of the genus Plasmodium are obligate intracellular pathogens residing in

mammalian red blood cells, hepatocytes, or mosquito midgut epithelial cells. Biosynthesis of 
sphingomyelin (SM) and glycosphingolipids by P. falciparum parasites (intraerythrocytic stages)
has been demonstrated using radiolabeled or fluorescent ceramides.16,66 A recent report revealed
the presence of an active glucosylceramide synthase, which glycosylates only dihydroceramide in
vitro.67 Species of glycosphingolipids in P. falciparum include monohexosylceramides, globotriao-
sylceramides, globotetraosyl-ceramides and sulfated glycosphingolipids.17,67 No inositol SLs have
been described in P. falciparum parasites.

Biosynthesis of SLs can be inhibited with low concentrations of threo-phenyl-2-palmi-
toylamino-3-morpholino-1-propanol (PPMP) or its derivative threo-phenyl-2-decanoylami-
no-3-morpholino-1-propanol (PDMP), potent inhibitors of glucosylceramide synthase and/
or sphingomyelin synthase.67 Interestingly, PPMP disrupts tubovesicular membrane (TVM), 
an interconnected network that extends from the parasite’s vacuolar membrane to the periph-
ery of the red cell. TVM is essential for the uptake of nutrients and the treatment of PPMP
prevents the parasite from importing vital nutrients such as amino acids. Consequently, the 
intraerythrocytic development of P. falciparum is severely inhibited.68,69 The link between SL 
biosynthesis and TVM formation is not well understood, although the traffic of nutrients ap-
pears to be dependent upon detergent resistant membrane (DRM) domains in TVM, which 
are SL- and cholesterol-rich.70

Another interesting finding is that de novo ceramide synthesis is not required for TVM
homeostasis; instead, ceramide derived from the turnover of host SLs are likely to be the substrate
for SL biosynthesis in P. falciparum.16 A recently cloned Pf SMase, the enzyme responsible forff
SM hydrolysis to ceramide and phosphocholine, was found to be essential for the parasite and
its inhibition impaired the maturation of P. falciparum trophozoites into schizonts.71 Together,
these findings suggest SL metabolism could provide targets for new antimalarial drugs. Indeed,
ceramide analogs including PPMP and PDMP have shown potent anti- P. falciparum activity in
vitro, although their mechanism of action is still under investigation.72,73

Toxoplasma gondii
Toxoplasma gondii is the most versatile and widespread member of the Apicomplexan family. It

is capable of infecting a wide array of host cells, causing a disease (toxoplasmosis) of major medi-
cal and veterinary importance worldwide. De novo synthesis of ceramide, glycosylated ceramide
and SM in T. gondii has been demonstrated by tritiated serine and galactose labeling, followed by 
thin layer chromatography analysis.18 Two well-documented SL synthesis inhibitors, L-cycloserine 
(which blocks the activity of SPT) and threo-PPMP, strongly inhibit the synthesis of these SLs. 
AbA treatment inhibits T. gondii replication irreversibly and induces morphological changes in 
the parasite cell shape and integrity, with increased cell vacuolization.5 Importantly, analyses of 
parasite lipids did reveal an inositol-containing species that was resistant to alkaline treatment 
and whose synthesis was inhibited by AbA treatment—all properties of IPC. It is not yet clear
whether IPC synthesis is required for parasite replication and more definitive characterizations
of T. gondii SLs and enzymes are underway.
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Trichomonas vaginalis and Giardia lamblia
Trichomonas vaginalis is an extracellular aerotolerant flagellated protozoan responsible for 

trichomoniasis, a common sexually transmitted disease in industrialized countries. Characterized 
SLs in T. vaginalis include SM and IPC.s 19,21 Importantly, IPC anchors a group of lipophosphoglycan 
(LPG)-like glycoconjugates to the cell surface of T. vaginalis.74 The detailed polysaccharide structure 4

of T. vaginalis LPG is still unknown, but it contains 50 to 54 monosaccharide residues with galactoses
and glucosamine being the most common species. To study the role of LPG in T. vaginalis, two LPG 
mutants were recently generated by chemical mutagenesis.75 Both mutants had truncated form of LPG 
and failed to bind Ricinnus comunis agglutinin I (RCA120) and wheat germ agglutinin, indicating s
alterations in surface galactose and glucosamine residues. Although mutants grew normally in culture,
they were less adherent and less toxic to human vaginal ectocervical cells than the parental strain.
Together these results suggest that T. vaginalis adherence to host cells is mediated by LPG.s

To further explore the contribution of IPC-anchored LPG to T. vaginalis pathogenesis, 
the effect of purified LPG on human reproductive tract l epithelial cells was tested.76 Briefly, T. 
vaginalis LPG triggered an increased expression of interleukin 8 (IL-8) by human endocervical, 
ectocervical and vaginal epithelial cells. IL-8 promotes the transmigration of neutrophils across
the endothelium and the production of macrophage inflammatory protein 3�, a chemoattractant 
for immune cells. Such effects were dose dependent and sustained in the absence of cytotoxicity, 
suggesting that early involvement of chemokine production by epithelial cells induced by nontoxic
doses of LPG precedes cytotoxic effects.

Similar to T. vaginalis, Giardia lamblia is a flagellated protozoan parasite. This aerotolerant 
anaerobe colonizes and reproduces in human small intestine, causing giardiasis, a common cause 
of severe diarrhea infecting approximately 200 million people worldwide. It is believed that G. 
lamblia has only limited ability to synthesize phospholipids, long-chain fatty acids and sterols de
novo; therefore, this protozoan has developed a special process to acquire lipids from the lipid-rich
environment of the human small intestine, i.e., via deacylation/reacylation reactions (the Lands 
cycle).77,78 It is known that G. lamblia synthesizes SM,22,79 although more detailed structure char-
acterization has yet to be performed.

A recent report indicates that PPMP blocks Giardia replication in vitro and causes a cytokinesis 
arrest.80 In addition, PPMP induced a significant (�90%) reduction in G. lamblia differentiation 
into cysts, the parasite stage responsible for the transmission of the disease. In another study, the
giardial ceramide glucosyltransferase 1 gene ( gglct-1) was transcribed only in encysting cells and 
the treatment of PPMP altered the expression of cyst wall protein transcripts in encysting cells.23

These combined data suggest that SL synthesis genes are involved in key events in giardial patho-
biology. However, effect of PPMP and other SL-synthesis inhibitors on the lipid metabolism of 
G. lamblia has yet to be elucidated.

Conclusion

infancy.

including differentiation, replication, trafficking and the synthesis of virulence factors.

protozoans; (2) to identify and characterize key enzymes involved in SL metabolism; (3) to 
define the molecular basis by which SLs contribute to infections; and (4) to develop specific 
inhibitors of SL metabolism and evaluate their potential as novel drugs against parasites.
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Abstract

Our knowledge of plant sphingolipid metabolism and function has significantly increased
over the past years. This applies mainly to the identification and the functional 
characterization of genes and enzymes involved in sphingolipid biosynthesis. In addition

a number of plant mutants have provided new insights into sphingolipid functions. Very little is
still known about intracellular transport, spatial distribution, degradation and signaling functions 
of sphingolipids. However, combination of Arabidopsis genetics with lipidomics and cell biology 
will soon bring our understanding of these issues to a new level.

Introduction
In 2003 and 2004 plant sphingolipids have been extensively reviewed.1-4 Strikingly, each of 

these four reviews covered almost all aspects of plant sphingolipids: They described the structural 
features of nearly all known sphingolipids present in plants, the enzymes and genes involved in their
biosynthesis in Arabidopsis thaliana (using the genes known from baker’s yeast as a guideline) and 
some of their biological functions. In a nutshell: These reviews, despite their encyclopedic nature, 
disclosed our embarrassingly limited knowledge of plant sphingolipids at that time.

Plant science could neither keep up with the large scientific community making progress using 
mammalian systems nor with the small community using the power of yeast genetics to dissect 
nearly all aspects of sphingolipids in these organisms (see all other chapters of this book).

Five years after the above mentioned reviews, it is, fortunately, not possible any more to compile all 
data on plant sphingolipids into a single review. There is still restricted manpower for this topic—here
we will cite the papers of about 25 groups only a few of which dedicate their work exclusively to plant
sphingolipids. However, considerable progress has been made which is worth being presented to the 
students, the postdocs and other readers of this book. The main achievements have been obtained 
by using a systematic approach to unravel the pathways of sphingolipid biosynthesis and to find first
functions of the sphingolipid compounds: (i) Sphingolipid genes have been frequently identified
by sequence comparisons, screening procedures or bioinformatic techniques. (ii) The gene products
have been characterized by functional expression in wild-type cells or genetically engineered lines of 
the yeasts Saccharomyces cerevisiae and e Pichia pastoris. The enzymatic functions of the plant proteins 
were uncovered by rescuing a physiological phenotype of the yeast mutant, by the biosynthesis of 
novel lipids or by novel enzyme activities determined in vitro with extracts of the cells. (iii) T-DNA 
insertion mutants and RNAi suppression lines mainly from Arabidopsis have been generated to s
elucidate the functions of genes involved in sphingolipid metabolism in planta. These mutants have 
been subjected to analyses by biochemical, cell biological and sphingolipidomics techniques.
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By this approach and other techniques, some functions have been ascribed to plant sphingolipids 
in different biological contexts: programmed cell death (PCD), freezing stress and acclimation,
lipid and protein transport, plant development, formation of detergent resistant membrane
domains and stomata closure. However, many of the papers published during the past five years
represent first or second descriptions of novel Arabidopsis mutants. Thus, for most of these
physiological subjects there are less than ten papers available, making it impossible to present a 
comprehensive picture of sphingolipid functions in any of these topics.

Therefore, this review will report on the progress of plant sphingolipids in an old-fashioned
style: We will give an overview of plant sphingolipid pathways and describe gene by gene novel
identifications, functional characterizations and plant mutants. If known, biological functions
will be given for each gene. We are convinced that during the next years our knowledge will 
significantly increase and that future reviews will focus on specific biological functions of plant
sphingolipid metabolites.

In order to keep this text as compact as possible, we will not review the following:
• The role of glucosylceramides (GlcCers) in freezing stress and acclimation. Their roles

should be described excusively in the background of additional lipid and protein altera-
tions at the plasma membrane and metabolite changes in the cytoplasm (which is out of 
the scope of this review). Many contributions to investigate the role of plasma membrane
lipids in freezing stress have been made by Peter Steponkus, Daniel Lynch, Matsuo Uemura 
and their coworkers.

• The involvement of plant sphingolipids in PCD. This link will be mentioned in the
appropriate sections, but sphingolipid aspects of PCD have briefly been reviewed 
elsewhere.5-6

• The role of sphingolipids in the formation and function of lipid microdomains. This topic 
is too complex to be covered in appropriate details here. A short list of papers includes 
references 7-12.

• The biosynthesis of very-long-chain fatty acids (VLCFA) which are prominent in cer-
amides, glycosphingolipids and waxes of plants and other eukaryotic organisms.

• Sphingolipid transport (proteins).13-17

Pathway of Plant Sphingolipid Biosynthesis
The pathways of sphingolipid biosynthesis in mammals, plants and fungi are very similar

indicating that they are a very ancient eukaryotic property. Several hundred million years of separate 
evolution have resulted in surprisingly few differences. Although mammals display a diversity of 
different sphingoid long-chain bases (LCBs), (E(( )-sphing-4-enine (commonly known as sphin-
gosine) is regarded as the prevalent LCB in simple and complex sphingolipids.18 In contrast, in
many plants this LCB is quantitatively only a minor compound of the nine different C18-LCBs
which are present in different proportions (Fig. 1). Besides sphinganine and 4-hydroxysphinganine
(phytosphingosine) which are also found in mammals, plants possess �8-unsaturated LCBs. They 
are synthesized by the activity of sphingolipid-�8(E/Z(( )-desaturases which introduce the doubleZ
bond between C8 and C9 both in (E(( ) (trans) and (Z) (cis) configuration.Z 19 The physiological
consequences of this LCB heterogeneity are not known and will be discussed below. All these
LCBs have been found in simple and complex sphingolipids in different proportions depending 
on the plant species, the tissue and the physiological conditions.

The major problems in determining the biological functions of sphingolipids are that each
sphingolipid class (e.g., LCP-1-P, LCB, Cer, GlcCer and GIPC) plays its role either on its own
or in homoeostasis with other (sphingo)lipid classes, that sphingolipid metabolites are being 
continuously converted into each other via biosynthetic and degradative pathways and that their
relative abundance comprises several orders of magnitude.

The latter seems to be a minor problem at first sight, but still proves to be challenging even for
advanced analytical techniques. It would have been helpful to visualize the relative abundance of 
various sphingolipid classes, but it was not possible for us to depict such large differences between
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the lipids in a column diagram. Therefore you will find calculations of the quantities of sphingolipid 
classes performed by Ernst Heinz2 and by Yusuf Hannun and Lina Obeid20 in Table 1. There is a 
clear trend: The abundance of complex sphingolipids (GIPC, GlcCer and SM) is about one order 
of magnitude higher than that of ceramide, while the amounts of simple sphingolipids, LCB and 
LCB-1-P, are more than tenfold lower. However, there remain some discrepancies, e.g., the diverg-
ing amounts of LCB-1-P, which might result from collecting the values from different samples 
that have been analyzed by different methods. In contrast, the studies of Markham and Jaworski21

and of Michaelson et al22 used one object, Arabidopsis and the complete analysis was performed
using one technique: HPLC coupled to electrospray ionization-tandem mass spectrometry. 
Interestingly, the amounts of GIPC, GlcCer and Cer have been found to be in the same order of 
magnitude. However there was a huge variation in the amounts of Cer (25-300 nmoles per g dry 
weight, Table 1). In addition, the relative abundance of LCB-1-P compared to ceramide was much
higher than in the calculations of Heinz, Hannun and Obeid.

Figure 1. Common LCBs from plants. Trivial names, shorthand designations and systematic 
names are given on the right.
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To make the situation even more confusing, Sperling et al23 showed that in plasma membranes 
from A. thaliana and four other dicotyledonous plants GlcCer represents only a minor sphingo-
lipid compared to another complex sphingolipid class, presumably GIPC. The LCB composition
of GlcCer from purified plasma membranes was analyzed and found to be characteristic for this
lipid: It contains high amounts of LCBs with (8Z)-double bonds. Total LCB analysis of the sameZ
membrane preparation revealed a completely different LCB composition. The proportion of LCBs 
with (8E)-double bonds exceeded those of LCBs typical for GlcCer by several factors. These data 
suggest that one or more hypothetical complex sphingolipids, e.g., free GIPC and GIPC protein 
anchors, represent the quantitatively most important sphingolipids in the plasma membranes of 
many dicotyledonous plants.

These discrepancies are still a challenge for sphingolipid analyses. We think that further im-
provement of the mass spectrometric techniques will solve at least some of the inconsistencies and 
will provide the most reliable data in the near future.

Figure 2 shows a hypothetical pathway of sphingolipid metabolism. Although many genes 
and enzymes of this pathway have been identified and characterized, the value of such a Figure 
is rather limited. It reflects exclusively formal enzymatic reactions, but not metabolic pathways 
present in vivo. A famous example is ceramide which is regarded as a hub in sphingolipid metabo-
lism. Although a lot of different enzymes use ceramide as a substrate or form ceramide, they do 
not necessarily work on the same lipid pool. Ceramide synthases and sphingomyelinases generate 
ceramide at different subcellular localizations, i.e., the ER and the plasma membrane, respectively.20

Thus, generic ceramide represents an unknown number of different intracellular pools and this is 
probably also true for other sphingolipid classes such as LCBs, LCB-1-Ps and GlcCers.

In addition, the generic ceramide represents a multitude of more than one hundred molecular 
species composed of nine different LCBs and roughly the same number of C16-C26 hydroxylated
or nonhydroxylated fatty acids. Even the simple sphingolipids LCB and LCB-1-P could be nine 
different molecular species of C18-LCB. There are hints that the various modifications of the
sphingolipid backbone play a role in the spatial separation of different sphingolipid pools and that
these molecules fulfill distinct biological functions (see below).

Table 1. Amounts and relative abundance of different types of sphingolipids in plants

Sperling et al2
Markham and Jaworski21 

Michaelson et al22 Hannun and Obeid20

Different Plant sources A. thaliana Mammals

nmoles per g
Dry Weight

Relative
Amounts*

nmoles per g
Dry Weight

Relative 
Amounts*

Relative
Amounts*

GIPC 1000 5 240-500 1 -

GlcCer 2000 10 160-500 1 -

SM - - - - 10

Cer 200 1 25-300 1 1

LCB 10 5 � 10�2� 1.5-15 10�2� -10�1 3 � 10�2�

LCB-1-P 0.0003 10�6 0.1-4 10�3� -10�2� 3 � 10�4

*The amount of Cer was set as 1 in each column (we set 300 nmol per g dry weight as 1 from the 
study of Michaelson et  al).22 Abbreviations: GIPC: glycosylinositolphosphoryl ceramide; GlcCer: 
glycosylceramide; SM: sphingomyeline; Cer: ceramide; LCB: long-chain base; LCB-1-P: long-chain
base-1-phosphate.
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Consequently, the exact quantitative determination of the different sphingolipid classes by mass 
spectrometric methods (see above) is not adequate to describe the sphingolipid metabolic pathways
in vivo. Rather the analysis of intracellular pools of sphingolipid classes and the localization of each 
enzyme involved in sphingolipid biosynthesis, transport and degradation is required.

These are the challenges for the next years, but the next chapter describes gene by gene the
progress in cloning and characterization of genes and proteins of sphingolipid metabolism
(Table 2).

Table 2. A. thaliana genes involved in sphingolipid biosynthesis (except for 
VLCFA-biosynthesis)

Sphingolipid Biosynthesis Gene S. cerevisiae A. thaliana Locus** References

Serine palmitoyltransferase LCB1 At4g36480 24,26,27

LCB2 At5g23670 
At3g48780

25,28,29 (Nicotiana)

3-Ketosphinganine reductase TSC10 At3g06060
At5g19200

Sphingolipid-C4-hydroxylase SUR2 At1g14290
At1g69640

30,31,32 (localization)

Ceramide synthase LAC1/LAG1 At3g25540 
At3g19260
At1g13580

33, (tomato), 34 (tomato), 
32 (localization)

Alkaline phytoceramidase YPC/YDC At4g22330 32 (localization)

Neutral ceramidase None At1g07380
At2g38010
At5g58980

35 (Oryza sativa)

Fatty acyl �-hydroxylase SCS7 At2g34770
At4g20870

36

Sphingolipid-Δ4(E)-desaturase None At4g04930 22

Sphingolipid-Δ8(E/Z)-desaturase None At3g61580
At2g46210

19

Glucosylceramide synthase None At2g19880 37 (Gossypium arboreum)

LCB kinase LCB4/LCB5 At5g23450 
At4g21540
At2g46090

38,39,40,32 (localization)

LCB phosphate phosphatase LCB3 At3g58490 40,32 (localization)

LCB phosphate lyase DPL1 At1g27980 41,42,32 (localization)

Ceramide kinase None At5g51290 43

Inositol phosphorylceramide 
synthase (IPCS)

(AUR1) At2g37940*
At2g29525 
At3g54020

44

*The IPCS from Arabidopsis is more similar to the sphingomyeline synthases from mammals and the 
IPCS from protozoans than to Aur1p from S. cerevisiae.
** Loci printed in boldface have been functionally characterized.
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Functional Characterization of Genes and Enzymes Involved in Plant
Sphingolipid Biosynthesis (2004-2008)
Serine Palmitoyltransferases

As the first step in sphingolipid biosynthesis, serine palmitoyltransferase (SPT) generates
3-ketosphinganine by the condensation of the amino acid serine with palmitoyl CoA. The plant 
SPT, like all known eukaryotic SPTs, is a heterodimer and is composed of LCB1 and LCB2
subunits.24 One of the two LCB2 genes, At5g23670, has been identified by its expression in a S. 
cerevisiae lcb2 knockout strain leading to restoration of 3-ketosphinganine biosynthesis. However, 
the plant LCB2 did not complement the LCB auxotrophy of the mutants pointing to very low 
activity or instability of the plant enzyme in the yeast.25 The stabilizing subunit of the SPT, LCB1 
(At4g36480), was characterized by coexpression with the Arabidopsis LCB2 which rescued the 
LCB auxotrophy of the yeast mutant.24

Chen et al24 showed that the embryos from Atlcb1-1 homozygous seeds (obtained from selfed
T-DNA insertion plants, LCB1/lcb1-1) did not reach the globular stage. Homozygous plants 
could not be recovered. Furthermore, RNAi mediated suppression of LCB1 expression led to 
reduced growth of the plants and their cells as well as an altered leaf morphogenesis. The sphin-
golipid content in the plants was not altered indicating that their decreased capacity to produce
sphingolipids was compensated by reduced growth.24

The group of Zuo investigated two Arabidopsis mutant lines which also express altered LCB1
variants. One mutation, fbr11-1, results in resistance towards the ceramide synthase inhibitor
fumonisin B1.27 The amount of free-long chain bases in the mutant was the same as in wild-type
plants. Fumonisin B1 treatment of wild-type plants led to increased levels of free LCBs, followed
by the production of reactive oxygen intermediates (ROI) which cause PCD. In contrast, the level 
of LCB was only moderately increased in the mutant and PCD was not induced. Feeding experi-
ments with fbr11-1h showed that the ROI-increase and PCD can be induced by supplementation 
with sphinganine, (E(( )-sphing-4-enine and 4-hydroxysphinganine. No induction has been observed 
by feeding with phosphorylated LCBs indicating that maintenance of homeostasis between free 
and phosphorylated LCBs is critical for cell fate.27

The second mutant, fbr11-2,,  showed male sterility.26 Haploid pollen grains displayed different
developmental abnormalities after the second mitosis and PCD was induced. This phenotype was 
very similar to that of a double mutant with T-DNA insertions in both LCB2 genes.26 The pollen
lethality observed in fbr11-2n  plants is in contrast to the embryo lethality (with fertile pollen) ob-
served with lcb1-1.24 Teng et al argue that the lcb1-1 allele very likely is not completely inactive.

The LCB2 genes, At5g23670 and At3g48780, were also analyzed by Dietrich et al28 with similar 
results. Homozygous double mutants could not be recovered due to the inability to transmit the
double mutant genotype through the haploid pollen. The unicellular microspore was formed but 
it could not proceed to the bicellular pollen grain. Ultrastructural analysis showed that the pollen
contained aberrant endomembranes and lacked an intine layer.28 By inducible RNAi suppression 
of one LCB2 gene in a knockout line for the other, sphingolipid biosynthesis was shown to be es-
sential also in the sporophyte. LCB2 silencing at various stage of development resulted in chlorosis, 
extensive necrosis and the loss of viability.28 This phenotype could be partially rescued by feeding 
the plants with a LCB with an odd carbon number (d17:0) as a traceable probe.28

In Nicotiana benthamiana, overexpression of LCB2 resulted in hypersensitive response-like cell 
death.29 This is consistent with the data from A. thaliana that fumonisin B1 results in PCD due to 
impaired homeostasis between free and phosphorylated LCBs.27 It was, however, not possible to
determine the amounts of these lipids in the N. benthamiana mutants. Infection of wild-type plants 
with the nonhost pathogen Pseudomonas cichorii resulted in an increase in LCB2 expression. N.
benthamiana is resistant to this bacterium, but its resistance was compromised by treatment with 
an SPT inhibitor and by silencing both LCB2 genes.29 These data suggest that de novo synthesis
of LCBs plays a role in pathogene defense.
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Long-Chain Base C4-Hydroxylases
Arabidopsis contains two LCB C4-hydroxylases which were identified by heterologous

expression of their cDNAs in a baker’s yeast sur2 knockout strain.30 Preliminary acceptance of 
the name of the enzymes bases upon the in vitro determination of direct LCB C4-hydroxylating 
activity in microsomes isolated from Zea mays.45 In addition, an independent ceramide 
C4-hydroxylating activity was detected in the corn microsomes.45 It is unclear, whether this
activity can be attributed to one or both C4-hydroxylase(s) or whether it is a side reaction of the 
plant sphingolipid-�4(E)-desaturase (see next paragraph). In addition, it is not know whether
4-hydroxysphinganine is incorporated into ceramides by the one or more of the three plant
ceramide synthase candidates (Table 1).

Both Arabidopsis C4-hydroxylase genes, At1g69640 and At1g14290, have been investigated 
by the generation of T-DNA insertion and RNAi suppression lines.31 To our knowledge, this very 
nice work is the first time that a lipidomics approach was applied to analyze plant sphingolipid
mutants. Sphingolipids were determined by HPLC coupled to electrospray ionization-tandem
mass spectrometry (ESI-MS/MS) methods.21,46 Also glycerolipids were analyzed by ESI-MS/
MS and only sterols were not investigated. The T-DNA double mutants did not contain any 
C4-hydroxylated sphingolipid. Interestingly, the total content of sphingolipids was 2.5-fold
higher in the mutants compared to the wild-type. This result suggests that the requirement
for C4-hydroxylated sphingolipids in the mutant plants was not satisfied and that the lack of 
these molecular species upregulated sphingolipid biosynthesis by a feedback mechanism. The 
double mutant was dwarfed, not able to perform reproduction and showed increased levels of 
PCD-associated genes. The RNAi suppression lines displayed growth inhibition depending on 
the content of C4-hydroxylated sphingolipids.31

In the wild-type plants, dihydroxy LCBs were preferentially linked to C16 fatty acids, while 
trihydroxy LCBs (e.g., 4-hydroxysphinganine) were combined with either C16 or VLC fatty acids.
The inability of the mutants to perform C4-hydroxylation led to a strong increase of sphingolipids 
containing dihydroxy LCBs and C16 fatty acids (at the cost of C16-containing galactolipids and 
phosphatidylglycerol in the chloroplasts). The authors suggest that the ceramide synthases of A. 
thaliana might display different substrate specificities with preference for either dihydroxy LCBs
and C16 FA or C4-hydroxylated LCBs and VLCFA.31 This assumption seems to be a coherent 
interpretation of the data obtained with these plants, but it should be kept in mind that other
studies showed a high proportion of GlcCer with C4-hydroxylated LCBs linked to C16 FA in
Arabidopsis plants.47 In rye (Secale cereale) and oats (Avena sativa(( ), the glucosylceramides of the
plasma membrane contain a significant proportions of dihydroxy diunsaturated LCBs linked to
VLCFA.48,49 Therefore, it will be interesting to determine the substrate specificities of the different
ceramide synthase isoenzymes in A. thaliana and additional plant species.

Ceramidase
A (neutral) ceramidase from rice has been characterized by functional expression of its coding 

sequence in a baker’s yeast strain impaired in intrinsic ceramidase activity.35 An in vitro assay showed
that the enzyme used C12-NBD-Ceramide containing sphinganine, but not 4-hydroxysphinganine
as substrate. However, its heterologous expression in yeast resulted in an increase of ceramides
molecular species containing VLCFA and 4-hydroxysphinganine. The enzyme was localized to the 
ER/Golgi compartment by heterologous expression of DsRed fusion protein in onion epidermal 
cells. The Arabidopsis genome contains three orthologes of the rice gene: At1g07380, At2g38010 
and At5g58980.35 A gene encoding a putative alkaline ceramidase with similarity to Ypc1p and 
Ydc1p from baker’s yeast, At4g22330, is present in Arabidopsis.

Fatty Acyl �-Hydroxylase�
Nagano et al36 identified a new mechanism of the regulation of acyl amide �-hydroxylation

in plants. They found that the protein AtBI-1 interacts via cytochrome-b5 (Cyt5 b5) with the plant 
fatty acyl �-hydroxylase and suggest the following model of regulation: A PCD-inducing stimulus 
resulted in an increase of calcium concentration in the cytosol. Subsequently, calcium-activated 
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calmodulin interacts with AtBI-1 which on its part binds Cytb5. The Cytb5 binds to the fatty acyl5
�-hydroxylase providing the electrons for the hydroxylation reaction. This complex may enhance 
ceramide�-hydroxylation in stress conditions (in nonstress situations, the level of �-hydroxylation 
in complex sphingolipids is high anyway).36 The original link between the �-hydroxylation of 
ceramide and PCD is the finding of reference 50 that nonhydroxy ceramides induce PCD in
Arabidopsis cells while �-hydroxy-ceramides do not.

Sphingolipid-�4(E)-Desaturase��
An Arabidopsis candidate gene for a plant sphingolipid-�4(E(( )-desaturase has been identified

in 2002 by Ternes et al51 using sequence comparisons (At4g04930). Until recently all attempts by 
him and others to functionally express the orthologs of tomato and Arabidopsis in a baker’s yeast
sur2 knockout strain failed. Finally, the function of this intractable gene was identified by heter-
ologous expression in a Pichia pastoris mutant deficient in intrinsic sphingolipid-�4(E(( )-desaturase 
activity.22 The gene deletion of the desaturase in Pichia had resulted in the expected loss of 
sphingolipid-�4(E(( )-desaturase activity and in the unexpected loss of GlcCers. Expression of the 
Arabidopsis cDNA in Pichia restored the biosynthesis of GlcCers which were found to contain
the �4(E(( )-double bond.22

The function of the gene in Arabidopsis was confirmed by the generation of homozygous
T-DNA insertion mutants. The plants did not show any residual sphingolipid-�4(E)-desaturase
expression. The florescence was subjected to sphingolipidomic analyses, since in wild-type 
plants transcripts of the gene were detected exclusively in pollen and floral tissue. Although the 
proportion of LCBs carrying the �4(E)-double is less than 5% in GlcCers in the florescence
of the wild-type, the null mutant showed reduced total amounts of GlcCer (63-77% of the
wildtype).22

In this context it is interesting that an Arabidopsis mutant impaired in fatty acid elongation 
also contains reduced amounts of GlcCers but not of GIPCs.52 In conclusion, the fatty acyl chain
length, the LCB �4(E(( )-double bond and the LCB C4-hydroxy group of ceramides seem to rep-
resent structural signals involved in the control of biosynthetic flux of particular ceramide species 
into GlcCer and GIPC, respectively.

The physiological phenotype of the A. thaliana sphingolipid-�4(E(( )-desaturase null mutant
will be discussed below.

Sphingolipid-�8(E/Z)-Desaturases�
The first sphingolipid desaturase was cloned and functionally characterized by Sperling et al.19

Two cDNAs from sunflower and from Arabidopsis (At3g61580) were expressed in S. cerevi-
siae both resulting in the biosynthesis of the novel LCB 4-hydroxysphing-8-enine in the yeast. e
Interestingly, both (E(( )- and (Z)-isomeres of the new LCB were found indicating stereounselecZ -
tive unsaturation. This is a very unusual property for a desaturase.19 A. thaliana contains a second
sphingolipid-�8(E/Z)-desaturase (At2g46210) the activity of which has been determined by 
the same method (Sperling and Heinz, unpublished data). Surprisingly, the heterologous expres-
sion of the desaturase in S. cerevisiae conferred aluminum tolerance on the transgenic yeast.e 53

Ryan et al54 found that the sphingolipid-�8(E/Z(( )-desaturase from the aluminum-tolerant plant Z
Stylosanthes hamata in contrast to �8(E/Z(( )-desaturases from aluminum-sensitive plants, displayed Z
a preference for the formation of the 8(Z)-isomer. Expression of the gene fromZ S. hamata in the
aluminum-sensitive plant A. thaliana shifted the ratio of 8(Z):8(Z E(( )-LCB isomers from 1:4 in the 
wild-type plants to 1:1 in the transgenic line. In addition, the transgenic lines showed increased
aluminum resistance.54 It will be interesting to know whether the ratio of 8(Z)-LCBs to 8(Z E(( )-LCBs
is critical for aluminum resistance and membrane physiology.

Inositolphosphorylceramide Synthase (IPCS)
Recently, a plant inositolphosphorylceramide synthase was identified by a genetic screen and

its ability to substitute its functional homolog Aur1p in an S. cerevisiae aur1 knockout strain.44

The enzyme transfers inositolphosphate from phosphatidylinositol to ceramide. It showed a broad
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substrate specificity accepting ceramides containing �-hydroxylated fatty acids or nonhydroxylated
fatty acids linked to either sphinganine or 4-hydroxysphinganine. In contrast, the activity with
ceramides carrying (E)-sphing-4-enine was very low. The corresponding gene in Arabidopsis
(At2g37940) was inactivated by the generation of a homzygous T-DNA insertion mutant. The
mutant plants contain normal amounts of GIPC but elevated levels of ceramide. Considering that 
the amounts of GIPC exceed those of free ceramide by more than one order of magnitude, a slight
reduction in GIPC too small to detect could result in significant relative increase in free ceramide. 
The mutant plants display about 50% of the inositolphosphorylceramide synthase activity of the 
wild-type, indicating the presence of additional enzymes. Indeed, two homologs of At2g37940 
have been found in the genome of A. thaliana: At2g29525 and At3g54020.44 Interestingly, the 
deduced polypeptides of all three genes show higher sequence similarity to mammalian sphingo-
myeline synthases and protozoan IPCS55 than to fungal IPCS.56 The plant IPCS was localized to
the trans-Golgi network by transient, heterologous expression of YFP and DsRed fusion proteins
in onion epidermal cells.

Regulation of the expression level of the IPCS from Arabidopsis and rice suggest that they fulfill 
a double function: Biosynthesis of IPC and control of ceramide levels. It is probably this increase 
in ceramide that is involved in the induction of PCD as response to pathogen attack.44

Long-Chain Base Kinase and Long-Chain Base Phosphate Phosphatase
Sphingoid LCB kinase activity in plants was first characterized in corn shoot microsomes by 

Crowther and Lynch.57 Both sphinganine and (E(( )-sphing-4-enine, but not 4-hydroxysphinganine
were found to be substrates and the enzymatic activity was localized to the ER and/or Golgi by 
subcellular fractionation. The first LCB kinase from Arabidopsis, LCBK1 (At5g23450), was 
cloned by Imai and coworkers39,58 and characterized by expression of the recombinant protein in 
E. coli. The enzyme was shown to accept a range of naturally occurring LCB with sphinganine
being the preferred substrate. LCBK1 transcript levels were increased by low humidity or abscisic 
acid treatments and were found to be especially high in flowers.

The Arabidopsis genome encodes three additional proteins with sequence similarity to LCB
kinases. One of them, CERK (At5g51290), is not an LCB kinase but a ceramide kinase that pre-
sumably plays a role in the regulation of PCD.43 Another one, SPHK1 (At4g21540) was able to
phosphorylate a wide range of naturally occurring desaturated, saturated, or hydroxylated LCBs 
in vitro.40 Therefore, LCBK2 would be a more appropriate name for this enzyme. Expression 
of SPHK1 was linked to ABA-induced stomatal closure (see below). No function could yet be
ascribed to the fourth LCB kinase homolog in the genome, At2g46090.

The most prominent function of plant LCB-1-P is regulation of stomatal closure (Fig. 3). It
was first observed by Hetherington and coworkers that microinjecting guard cells of Commelina 
communis with (E)-sphing-4-enine-1-phosphate led to stomatal closure that was accompanied
by oscillations of cytosolic calcium.63 These observations were later confirmed and extended in
Arabidopsis.60,61 Importantly, it was shown that the effect of (E)-sphing-4-enine-1-phosphate 
depended on the sole G-protein alpha subunit encoded by the Arabidopsis genome, GPA1. 
4-Hydroxysphinganine-1-phosphate was found to be equally active as sphingosine-1-phosphate 
when microinjected into guard cells and its effect also depends on GPA1. When the LCB kinase
activity in Arabidopsis leaves was investigated in vitro, the desaturated LCBs (E)-sphing-4-enine 
and sphinga-4,8-dienine were found to be the preferred substrates. Considerable activity was also
found with sphinganine and 4-hydroxysphinganine, but not with 4-hydroxysphing-8-enine.

The functions of LCB kinase in plants were recently revisited by Hetherington and cowork-
ers.40 Both the induction of stomatal closure and the inhibition of stomatal opening by ABA were 
enhanced in Arabidopsis lines overexpressing SPHK1 and repressed in SPHK1 knockdown lines. 
Similar effects were seen with the ABA-induced delay of germination in these lines. Because the
level of LCB-1-P in a given cell depends on the balance between their synthesis and degrada-
tion, the contributions of the LCB-1-P lyase DPL1 (At1g27980, see below) and the putative
LCB-1-P phosphatase (At3g58490) were investigated in this context. Although no enzymatic
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Figure 3. (Partially) hypothetical model of the signaling pathways leading to abscisic 
acid-mediated stomatal closure/inhibition of stomatal opening. Abscisic acid (ABA) is perceived 
by a receptor whose identity is still disputed, presumable at the cell surface. Downstream sig-
naling from this receptor leads to increased LCB kinase activity and elevated levels of LCB-1-P.
The LCB-1-P is perceived by a yet unknown receptor. Two possibilities can be envisaged in
analogy to the situation in mammalian cells: Perception by an unknown intracellular recep-
tor59 could be directly relayed to the release of calcium from intracellular stores, presumably 
the vacuole. Alternatively, LCB-1-P could be secreted and perceived by a membrane-bound 
receptor in an autocrine or paracrine fashion. This model is well established in mammalian 
cells20 and support for its validity in plants comes from the finding that the induction of 
stomatal closure by microinjection of LCB-1-P depends on the sole G-protein alpha-subunit 
encoded by the Arabidopsis genome, GPA160,61 Activated GPA1 would then induce down-
stream responses like calcium release, the opening of pH-dependent anion channels and 
the inhibition of inward rectifying potassium channels. Inhibition of the latter leads to loss 
of turgor followed by closing (or inhibition of opening) of the guard cells. GPA1 is negatively
regulated by the G protein-coupled receptor protein GCR1.62 Solid arrows represent known 
interactions or ion currents, dashed arrows hypothetical or indirect interactions. Grey boxes 
represent proteins of unknown identity.
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characterization of the latter enzyme is available, it appears reasonable to assume that At3g58490
encodes an LCB-1-P phosphatase based on its sequence similarity to LCB-1-P phosphatases
from yeast and mammals and the presence of three conserved protein domains.64

While neither the phosphatase nor the lyase individual knockdown lines displayed differences in
the ABA-mediated inhibition of stomatal opening, a double knockdown line was more sensitive to
ABA than wild-type.40 The ABA-mediated delay in seed germination was enhanced only in the phos-
phatase but not in the lyase individual knockdown lines. These results point to a context-dependent
fine-tuning of LCB-1-P levels by the different enzymes involved in its production and degradation.
Worrall et al40 found that phosphatase transcripts are enhanced in LCB kinase-overexpressing lines 
and depleted in kinase knockdown lines. This indicates that indeed regulatory mechanisms exist that
maintain a proper balance of free and phosphorylated LCB in different situations.

The studies cited above show that LCBK1 and SPHK1, despite showing optimal activ-
ity with sphinganine or (E(( )-sphing-4-enine, respectively, both accept a range of different LCB 
in vitro. The question which are the physiologically relevant LCB-1-Ps in vivo, however, is
still open. The initial studies on LCB-1-P signaling in plants60,63 have focused on the role of 
(E(( )-sphing-4-enine-1-phosphate, in analogy to the numerous studies in mammalian cells. Coursol
et al61 have later found that 4-hydroxysphinganine-1-phosphate is also active in eliciting stomatal 
closure. The fact that a certain substance elicits a response when injected into cells, however, does 
not mean that this substance is the physiologically relevant signal to elicit this response under 
natural conditions. Michaelson et al22 have investigated Arabidopsis insertional mutants in which 
the sphingolipid-�4(E(( )-desaturase is inactivated (At4g04930). These mutant lines showed no dif-ff
ferences compared to wild-type concerning ABA-induced stomatal closure or their performance 
under drought conditions. Furthermore, the expression of the sphingolipid-�4(E)-desaturase
was restricted to flowers; neither transcripts encoding the desaturase nor �4-unsaturated sphin-
golipids were detectable in Arabidopsis leaves. In view of these results, it appears unlikely that 
(E(( )-sphing-4-enine-1-phosphate, although active when externally applied, is the physiological 
signal mediating ABA-induced stomatal closure. In our view, a profiling of all naturally occurring 
LCB-1-Ps and of the transcript levels of all four LCB kinase homologs present in the Arabidopsis
genome before and after ABA treatment could reveal the true players in ABA-induced LCB-1-P 
signaling under natural conditions. Such an approach could be complemented by analysis of 
insertional mutants defective in LCB desaturation or hydroxylation.22,31

Long-Chain Base Phosphate Lyase
The genome of A. thalianaff apparently contains one LCB-1-phosphate lyase gene, At1g27980,

which was identified by expression in baker’s yeast and by generation of homozygous T-DNA
insertion mutants.41,42 The enzyme was located at the ER and had broad substrate specificity, since 
it degraded sphinganine-1-P, 4-hydroxysphinganine-1-P, 4-hydroxysphing-8-enine-1-P, sphing-
4-enine-1-P and sphinga-4,8-dienine-1-P. In comparison to the wild-type, the sphingolipid com-
position of the Arabidopsis plants devoid of LCB-1-P lyase activity showed no alterations except
for an accumulation of 4-hydroxysphing-8-enine-1-P. In contrast to other eukaryotic organisms 
with impaired LCB-1-P lyase activity, the mutant plants did not display severe developmental
abnormalities. However, they showed increased sensitivity towards fumonisin B1 and their leaves 
showed increased water loss after detachment.41,42 The role of the LCB-1-P lyase in the context of 
ABA-mediated stomatal closure has been discussed above.

Conclusion
In the last years, major progress in plant sphingolipid research was made in the identification 

of genes involved in sphingolipid biosynthesis, the characterization of the respective proteins, the
generation and analysis of corresponding A. thaliana mutants and the development of sophisticated
analytical tools for sphingolipidomics.

The cloning and characterization work needs to be continued to identify those genes involved 
in the transport and the degradation of sphingolipid as well as the regulation of the metabolic 
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pathway. Researchers in the field will proceed with the systematic generation of T-DNA insertion,
RNAi suppression and overexpression mutants until a complete collection of plants will be avail-
able required to investigate all aspects of sphingolipid biology.

We have already got a glimpse of the phenotypes of the plant mutants and the functions of sphin-
golipids, but the interesting plants lines will have to be subjected to much more detailed analysis. 
Since many sphingolipid metabolites are connected by biosynthetic interconversion and homeostatic
control, complete quantitative determination of all sphingolipid metabolites is of particular impor-
tance. Interactions with other pathways such as VLCFA biosynthesis, phosphatidylinositol and sterol 
metabolism could only be investigated by full lipidomic approaches (sphingolipids, glycerolipids,
sterols). Applying these analyses to whole leaves of A. thalianaff will still give insufficient information 
concerning the physiological functions of these lipids, since generic metabolites such as ceramide
or GlcCer do exist in the figures printed in this book, but they do not reflect the situation in vivo.
It must be kept in mind that “the function of a lipid depends on its local concentration at a certain
time” (Gerrit van Meer). Lipids are present in a number of different pools that are separated in 
space and/or time. These pools are defined by the function or the metabolic fate of the lipids they 
contain and they may (but do not have to) show differences in their molecular species composi-
tion. To investigate these pools, single tissues or subcellular fractions obtained under a variety of 
physiological conditions will have to be subjected to lipidomic approaches. Promising techniques
to meet this challenge are mass spectrometrical methods which are continuously being improved
(see Alfred Merrill’s chapter in this book and refs. 21,65 and 66).

These efforts will be accompanied by systematic intracellular localization of all proteins involved
in sphingolipid metabolism.32 Their tissue-specific presence and activity depending on different 
developmental stages will be determined.

With these techniques and additional biochemical, cell biological and bioinformatical methods,
we will be able to describe plant sphingolipid functions in more detail.
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Abstract

Sphingolipid metabolism constitutes a complex pathway system that includes biosynthesis 
of different types of sphingosines and ceramides, the formation and recycling of complex
sphingolipids and the supply of materials for remodeling. Many of the metabolites have several 

roles, for instance, as substrates and as modulators of reactions in other parts of the system. The large
number of sphingolipid compounds and the different types of nonlinear interactions among them
render it difficult to predict responses of the sphingolipid pathway system to perturbations, unless one 
utilizes mathematical models. The sphingolipid pathway system not only invites modeling as a useful
tool, it is also a very suitable test bed for developing detailed modeling techniques and analyses, due
to several features. First, the reaction network is relatively well understood and many of the steps have 
been characterized, at least in vitro. Second, sphingolipid metabolism constitutes a relatively closed
system, such that most reactions occur within the system rather than between the system and other 
pathways. Third, the basic structure of the pathway is conserved throughout evolution, but some of 
the details vary among different species. This degree of similarity permits comparative analyses and
may one day elucidate the gradual evolution toward superior system designs. We discuss here some
reasons that make sphingolipid modeling an appealing companion to experimental research and
sketch out applications of sphingolipid models that are different from typical model uses.

Introduction
Most sphingolipid analyses over the past decades have in great detail characterized individual

metabolites, genes, or enzymes along with the reactions they catalyze (for example see refs. 1-7).
As other chapters in this book attest, these studies have greatly improved our understanding of the 
components of sphingolipid metabolism and we have by now assembled a fairly good impression
of the functionality of biosynthesis, metabolic conversions within the pathway and the ultimate
fates of the various sphingolipid compounds. While the detailed characterizations of the genomic,
metabolic and regulatory components are of undisputed importance, they do not paint a complete 
picture of how the integrated metabolic pathway system responds to environmental challenges, 
such as heat stress.

There are many reasons for why characterizing solely the parts of the sphingolipid pathway system 
is insufficient for a full understanding. The most obvious is the sheer number of components. In
yeast there are roughly twenty to thirty “base” metabolites like sphingosine and phytoceramide.8

However, many of these may exist in variant forms that differ in the lengths of their fatty acid 
chains, thereby multiplying the number of possibly relevant “players” several fold. In mammals,
many sphingolipids may furthermore bind to various carbohydrates, forming glycosphingolipids
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such as glucosylceramide and lactosylceramide, so that the number of all theoretically possible
combinations reaches into the thousands (for example, see ref. 9). It is presently unknown whether
every different combination of chain length and carbohydrate group plays a unique role for the
functioning of the organism, but it is to be expected that there are at least distinctive differences
between sphingolipids with long, as opposed to very long, fatty acid chains. As soon as large 
numbers of metabolites with subtle differences in their roles and functions are to be considered, 
the unaided human mind quickly becomes overwhelmed.

A second reason for failure in our intuitive predictive ability of global systems responses is
the nonlinear nature of the interactions between the contributing sphingolipids. Specifically, the 
human mind has problems handling numerical thresholds: a slight increase in a metabolite may 
lead to a correspondingly slight change in some output measure or to no response at all, whereas
a somewhat stronger increase has a distinctly different effect, such as the triggering of apoptosis. If 
several thresholds are in play, we simply can no longer make reliable predictions on responses. As 
a pertinent example, it is known that ceramide is a signaling compound associated with apoptosis,
while sphingosine-1-phosphate (S1P) is associated with anti-apoptosis.4,5,10 However, ceramide can
easily be converted into S1P and vice versa. Thus, will slight changes in enzyme activities somewhere
in the system ultimately lead to apoptosis or anti-apoptosis?

The sphingolipid pathway is usually shown as a more or less linear material flow system, or
as a forward pathway with a few branches, beginning with the condensation of palmityl-CoA
and serine and leading toward complex sphingolipids (CS), such as MIPC (for example see refs. 
2,4,5,11,12). While these representations indeed capture the main flow, closer inspection reveals 
that there are numerous metabolic or regulatory feedback loops. For instance, dihydrosphingosine 
(DHS) and phytosphingosine (PHS) are key compounds at the center of the pathway. At the same
time, they inhibit the production of phoshphatidylserine (PS), in a reaction that competes with 
serine palmitoyltransferase (SPT) for the same key substrate serine and of diacylglycerol (DAG),
which is involved with the kinetics of complex sphingolipids. Palmitoyl-CoA is not only one of the
inputs to biosynthesis, it is also produced in the lyase reaction with DHS-P and PHS-P. Thus, the
uni-directionality of the sphingolipid pathway no longer holds as soon as these “loops” are taken 
into account. It may also happen that metabolites exert competing effects on some other part of 
the system, for instance, by serving simultaneously as input substrate and as a modulator of one 
of the catalytic steps in the system (e.g., see pathway diagrams in refs. 13, 14). These complexities 
render mathematical modeling a valuable tool with unique facilities that are difficult—if not 
impossible—to match with wet experiments.

A noteworthy feature of complex systems precluding reliable predictions is the fact that a 
pathway may exhibit new responses when it is put into its regulatory context. As an example, let
us look at the simplest of pathways, a linear chain of reactions, which is here considered with one 
input and three intermediates (Fig. 1A). It does not require much imagination to predict what will 
happen if the input is raised to a higher level: the intermediates X, Y and Z will correspondingly 
change in concentration. Similarly, if the input is decreased, X, Y and Z will follow. We may not 
know how fast the adjustments will happen and what the final values of X, Y and Z might be, but we 
have a firm grasp of the qualitative response. Indeed, it is very easy to set up a mathematical model
that captures the situation. While there are many options for such a model, the typical approach is
a set of ordinary differential equations (ODEs), whose right-hand sides may be formulated as mass
action kinetics, with Michaelis-Menten rate laws, as power-law functions, or with any number of 
other representations. For the present discussion, the particular mathematical format is essentially 
immaterial and we perform the illustration with a power-law model that is designed according to 
the guidelines of Biochemical Systems Theory (BST15-19). The result is shown in Eq. (1).

(1)
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In this formulation, X, Y and Z are generic representations of the metabolites. Their powers of 
0.5 are typical in BST.18 The parameters k1, k2 and k3 are rate constants. E represents (the activity of )
the enzyme that catalyzes the conversion of X into Y. We include it explicitly in these equations, 
because it will be the bridge to the extension following below. We could similarly include enzymes 
for the conversion of Y into Z and for the degradation of Z, but because their activities are assumed
to be constant and because we do not explicitly use them in the following, we merge them with
the rate constants k2 and k3, respectively. The left-hand sides of Eq. (1) are “dotted” variables that
represent their change with respect to time; thus, for instance, = dX/dt.

To execute computational analyses, we need to specify parameter values. Because we only intend 
to illustrate the complications in predicting system responses, the parameters are chosen almost
arbitrarily, but so that they are typical and that all variables have a nominal steady-state value of 1
if the Input has a magnitude of 1. Specifically, we set the rate constants k1, k2 and k3 equal to 1.

For a baseline simulation, we start the system at the steady state (1, 1, 1). As expected, the 
system rests at this point and X, Y and Z do not change in value. Beginning at time t  10, we
reduce the input to 0.75 and, not surprisingly, the levels of X, Y and Z decrease. With the given
settings, they approach the same value of 0.5625 (Fig. 2A). Doubling the input has the opposite 
effect: It raises the levels of X, Y and Z to 4 (results not shown). If we ignore the input in our
discussion and just study X, Y and Z, we correctly conclude that changes in X cause correspond-
ing changes in Y and Z.

Now suppose that Z is a sphingolipid with signaling function. Specifically, let us assume that
it activates a transcription factor TF, which is responsible for the up-regulation of gene G, which 
codes for the enzyme catalyzing the conversion of X into Y (Fig. 1B). The former pathway is now 
embedded in a logic loop. This loop is easy to grasp in its organization, but its specific effects
and the responses of the metabolic pathway are no longer easy to predict. Intuition may suggest 
that the positive feedback might magnify any changes in input, but it seems difficult to make 
specific predictions. For instance, how will changes in input affect the regulatory loop and the
steady-state values of X, Y and Z? The answer may be surprising: with the given information
alone, particular responses are not predictable with any reliability. It is again straightforward to
set up BST equations capturing the situation. A possible implementation is shown in Eq. (2),
which is an augmentation of the system in Eq. (1). The new parameters are again chosen so that 
all variables have “normal” values of 1 at the steady state. For simplicity of discussion, we will 
keep all parameters constant throughout the next set of simulations, except for the activation
of TF. In other words, our “control parameter” is the strength of activation of TF by Z; it is
coded here as p. The control parameter p is always positive or 0, because a negative value would 
represent inhibition rather than activation. For the baseline case p  0, Z has no influence on TF.
Gene regulation is in effect decoupled from the metabolic pathway and the reaction between
X and Y runs with the former baseline enzyme activity (E  1); the situation is exactly the same
as shown before in Figure 2A.

Figure 1. A) Simple linear pathway, in which an Input substrate is sequentially converted into
metabolites X, Y and Z. Z is the substrate for another process or transported out of the system.
B) Linear pathway from Figure 1A embedded in a “logic loop” consisting of a transcription factor 
TF, a gene G and an enzyme E. Grey arrows indicate activating effects. See Text for details.
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(2)

If pf is greater than 0, Z activates TF, which subsequently leads to a change in the expression of 
gene G and a concordant alteration in enzyme activity E. One should expect the altered enzyme
activity to change the balance between X, Y and Z. If so, Z would change in response to changes in
X and Y and the change in Z would subsequently affect TF, G, E and, thus, indirectly the balance
between X, Y and Z, leading to a cycle of events. Will the system spiral out of control? All the sud-
den, predictions become doubtful, thus demonstrating the necessity of a mathematical model.

In order to explore the effect of TF activation per simulation, let us set p0.1. The value is small
in magnitude, which implies that the activation is not particularly strong. At the beginning of the 
experiment, the system is still in the steady state where each variable has a value of 1. As before we 
reduce the input to 75% at t  10. Metabolite X again decreases initially but, in contrast to the
unregulated system, “recovers” to some degree (Fig. 2B). If pf  is set to a slightly increased value of 
0.24, X actually returns close to its original value of 1. Y and Z assume the same values as before (Fig.
2C). Exploration of other values of pf  show that small magnitudes in p result in values for X that

Figure 2. Simulation results for the pathways in Figures 1A,B and Equations (1) and (2). A) 
Response of the pathway in Figure 1A to a reduction of input to 75%. The situation is equivalent
with Figure 1B if the control parameter is set as p  0. B) Response of the pathway if p  0.1. 
C) Response for p  0.24. D) Response for p  0.4. E) Limit cycle response for p  0.51.
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are close to 0.5625, while larger values lead to higher values. Meanwhile, Y and Z always reach the
same value of 0.5625, no matter what the value of pf ; or what the value of X, for that matter. These 
observations lead to an intriguing conclusion: If we did not know the structure of the pathway,
we would surely conclude that Y and Z had nothing to do with X, because they always have the 
same values, independent of the value of X. Yet, X is their only precursor substrate!

Something quite different happens if pf  is set higher: The metabolites begin to oscillate, before
reaching their new steady state (Fig. 2D). For even larger values, the system “dies.” For instance, 
if pf  0.8, the oscillations become so strong that one of the variables vanishes (result not shown).
In between the former, reasonable values and these large values lies a small range of values for p
(p( � 0.51) where the system exhibits yet another behavior: it oscillates in a stable fashion so that 
after some while the amplitude and frequency remain constant (Fig. 2E). The so-called limit cycle
oscillations in this small range are very interesting mathematically, because they are able to tolerate
perturbations, from which they recover. Sustained oscillations have been observed in the expression 
of actual genomes and in metabolic systems, such as glycolysis.20-23

The simulations with the simple pathway demonstrate that it is not necessarily possible to
grasp intuitively the full functionality of a system if it is taken out of its context. Considering the
complexity of sphingolipid metabolism and its regulation, one must therefore wonder to what
degree intuition is sufficient when global responses are to be predicted.

Sphingolipid Models and Their Potential Uses
Over a span of several years, we have been developing a series of increasingly more sophisticated

models of sphingolipid metabolism.13,14,24,25 The models were formulated as systems of nonlinear
ordinary differential equations in the format of power-law functions, as suggested in BST.18

Choosing this framework, it was straightforward to set up symbolic equations that reflect the
known or assumed connectivity and regulatory signals of the pathway system. While this part of 
the model design phase was manageable with reasonable effort, the estimation of suitable parameter 
values was very challenging. Indeed, our case study confirmed common experience that parameter
estimation is the bottleneck of biological modeling. In our case, the estimation was based on lit-
erature information, de novo experiments and some default assumptions based on experience with
BST.14 The resulting model was subsequently tested in the typical fashion, namely with stability, 
sensitivity and robustness analyses, through comparisons with experimental data that had not been 
used in the estimation phase and through qualitative reality checks based on biological experience. 
After many iterations and revisions, the model appeared reasonable and was semi-quantitatively 
validated with additional wet experiments.13

It would be counterproductive to use the limited space of this chapter to review the steps of 
a typical modeling process in general or even within the context of sphingolipid metabolism, 
because both have been described in recent years and at various levels of sophistication and detail 
(for example see refs. 10, 14, 18, 24). Instead, it seems more beneficial to ask what we may do with 
such models, once they are validated. Again, many typical uses of models have been described in
the literature and we will simply mention some of them. However, other uses are less typical and
will receive more attention in the following.

The first and foremost role of a mathematical model is the integration of diverse data and other 
pieces of information, such as kinetic characteristics of enzymes, expression profiles of genes, protein 
abundances and maybe even semi-qualitative clinical observations. This integration often shows
very clearly whether we have a good grasp of the functionality of the pathway, because most initial
efforts of merging all information into one mathematical construct fail. Typical failures become
apparent in lacking stability or robustness of the model that is accompanied by unduly high sen-
sitivities. In the former case, small variations in input or in some variable may cause the model to
“crash” in a sense that one or more variables vanish. In the latter case, the system “overreacts” to
small changes in parameters. For instance, a 5% increase in some enzyme activity could lead to a 
220% increase in some metabolite, which is unreasonable in most cases. Relatively straightforward
diagnostic tools weed out such systems (for example, see ref. 18).
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If a model appears reasonable, we can further test our intuitive grasp of the system through
simulation studies that represent What-If scenarios, as we employed them before. For example,f
the reduction in an enzyme activity is easily implemented in the model and simulation results
can possibly be validated with wet experiments. An integrated model of sphingolipid metabolism
also allows us to follow the fate of metabolites of interest, many of which are recycled or involved
in several reactions. A good model, with slight adaptations, even permits the tracking of labeled
substrates, from input to their ultimate fates.10,14 As a variation on this theme, a reliable model 
may be used to study the relative contributions of different pathways to a common goal, such as
the formation of rafts that become structural elements of membranes.

In a study of a slightly different nature, we asked the question whether a yeast cell mounts a 
response to stress by up-regulating a small number of enzymes (genes) a lot or whether it changes 
the activities of many enzymes a little bit. Intuitively one could easily find rationale for either
strategy. On one hand, up- or down-regulating only one or two genes or enzymes appears to be
the simpler strategy. On the other hand, drastic changes in some part of the pathway could lead to
concomitant and undesired side effects. In our test case of the diauxic shift, the modeling analysis
suggested that many enzymes are involved in the response.24

Sphingolipid metabolism has been analyzed experimentally in different organisms, some of 
which are phylogenetically close. This similarity permits the cautious extrapolation and use of the 
model in an untested organism. This type of model transfer was demonstrated by using the origi-
nal S. cerevisiae model with some adaptations to study sphingolipid metabolism ine Cryptococcus
neoformans (Cn), an airborne fungal pathogen that may cause life-threatening infections.25 The 
main challenge this organism faces is the distinct difference in pH between alkaline or neutral 
extracellular environments, such as alveolar spaces or the bloodstream and the acidic environment 
of the intracellular phagolysosome of the host’s phagocytic cells, in which the organism lives and 
grows during a crucial phase of its virulence cycle.26 Earlier work in Del Poeta’s laboratory had 
suggested the involvement of sphingolipids in growth under acidic conditions, but it had not been 
possible to characterize the specifics of this process.27 The model results together with subsequent
validation studies led to the very specific proposition that inositol phosphoryl ceramide synthase
(Ipc1) and inositol sphingolipid phospholipase C (Isc1) affect the function of the plasma mem-
brane H�-ATPase pump (Pma1) through modulation of the level of phytoceramides and complex
sphingolipids.25

The successful use of the yeast model in the investigation of a fungal pathogen suggests that it
might even be possible to study the evolution of design principles governing sphingolipid func-
tion, based on comparative model analyses of sphingolipid metabolism in closely related and more 
distant species. Along the same lines, a major future project should convert and test the yeast model
for analyses of the mammalian analogues. This “extrapolation” is much more complicated, because 
mammalian sphingolipids are often bound to carbohydrates, which leads to a multiplication in 
the number of potentially relevant compounds, as discussed before.28 This explosion in number
may appear overwhelming for a model analysis. However, trying to understand the mammalian
systems without computational approaches seems to be incomparably more complicated. It is 
clear that a mammalian model could be very useful for the exploration of pathways leading from
health to diseases such as cancer, where we have strong indication that sphingolipids are involved 
(for example see ref. 29).

As a first step toward comparative studies, the sphingolipid system of the same organism may 
be studied at different grades of granularity. For instance, our present yeast model accounts only 
partially for compartmentalization. As a next step, it might be fruitful to distinguish sphingolipids 
and precursors with different fatty acid chain lengths. Accounting for this detail will require a 
substantial increase in model size and require additional biological information about the relevant 
compounds of different sizes and their respective roles.

As a more detailed example of an atypical model investigation, consider the immediate
sphingolipid response in yeast to heat stress. Genome studies have strongly supported the in-
volvement of several genes, such as MSN2/4 and4 YAP1.30 However, preliminary concentration
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measurements of key sphingolipids indicate that the heat stress response is much faster than 
any gene-regulatory mechanism could accomplish, exhibiting metabolic changes within a few 
minutes (Fig. 331; and Y.A. Hannun, pers. comm.; see also ref. 32). Within about 8 minutes,
dihydrosphingosine-phosphate (DHS-P) and phytosphingosine-phosphate (PHS-P) increase to
8- and 15-fold levels, respectively, before resuming almost normal values after about 20 minutes.
DSH and PSH respond more slowly, peaking after about 15 minutes at 6- and 11-fold levels.
Phytoceramide accumulates gradually over a period of about an hour, peaking at a level that is
about 8 times higher than baseline. Dihydroceramide shows the same pattern, but with a peak 
accumulation of only about two-fold.

This fast change in metabolic profile is intriguing and not explainable with gene regulatory 
actions. We have seen a similarly quick response to heat stress in the trehalose cycle in yeast, which, 
according to careful in vivo NMR measurements, begins producing trehalose within two minutes.30

Again, a gene regulatory response is too slow for such a response. As it turned out in the trehalose
case, three key enzymes of the trehalose pathway are heat sensitive. The two enzymes controlling 
trehalose production are more active at higher temperatures, while trehalase is less active.33 A
preliminary mathematical model analysis suggests that the relatively slight changes in activity are
sufficient to mount the fast, observed response.30

Given the similarity of the heat response task in the case of trehalose and sphingolipids it is
reasonable to ask whether there are heat-sensitive enzymes within the sphingolipid pathway as well.
If so, would a single enzyme be sufficient to mount the observed sphingolipid response? Would
combinations of two or more enzymes be sufficient?

A mathematical model might help us identify such enzymes. First, it would of course be possible
to launch a major simulation study, changing one or a few enzymes at a time and then testing 
whether metabolic concentration patterns like the one observed can be generated. However, some
prudence might help us prescreen some possibilities and favor or disfavor particular hypotheti-
cal scenarios. To permit an objective, yet lucid exploration, we reduced the sphingolipid system
to a minimum and converted it into a much simplified mathematical model. Thus, consider the
reduced core of sphingolipid metabolism that contains only those components that appear most 
important (Fig. 4).

Looking at once at Figures 3 and 4, we can formulate the following as a framework for preliminary 
hypotheses. The concentration of phytoceramide at one to two hours exhibits a sustained level 
at eight times its baseline. This increased level requires that: (1) more material is produced per 

Figure 3. Fold changes in sphingolipids following heat stress at time t  0. Abbreviations: DHS: 
dihydrosphingosine; PHS: phytoshpingosine; DHC: dihydro-ceramide; PHC: phyroceramide; 
–P: –phosphate. Data adapted from Jenkins et al31 and Hannun, Y.A.: pers. comm.
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biosynthesis or recycling of complex sphingolipids (cf.); (2) material is simply reorganized within
the pathway system; (3) the loss of sphingolipids is reduced; or (4) several of the previous options 
are combined. The second option may be discarded off-hand: A simple reorganization or shift of 
fluxes in the neighborhood of DSH and PSH would require decreased levels of the substrates of 
these reactions, but decreases in concentrations are not observed. Although some of the biosyn-
thetic genes are affected by heat, the first option alone also seems questionable, because DSH-P and 
PSH-P respond most quickly, whereas one would expect a response through increased biosynthesis
to cause increases in DHS and PHS first. Besides, if PHC is the target and biosynthesis was the
mechanism, why should DSH-P and PSH-P be increased at all? Similar arguments seem to hold
for the recycling of complex sphingolipids. One could surmise that a direct change in E7C and/
or E8 could be a good strategy toward an increased level of PHC. However, this is apparently 
not a strategy pursued by the cell. Pursuing the third (or fourth) option, the observed metabolite
profile could possibly be achieved through a reduction in the lyase reaction (E5D(( , E5P), which
would lead to an accumulation of the phosphorylated forms. This change would have to be fol-
lowed by increased sphingoid base PPase (E4D(( , E4P) and hydroxylase (E4D(( , E4P) activity, which
would gradually shift the increasing amounts of DSH-P and PSH-P toward the dephosphorylated 
forms and from there to ceramide (E6C(( , CC E6S). It is interesting to note that the dihydro- and the
phyto-forms of sphingolipids essentially form parallel pathways, but that the target profile after
heat stress is distinctly different between the two pathways. This observation suggests that the
involved enzymes might have different affinities for the dihydro- and the phyto-forms, at least 
under heat stress conditions.

Complex systems have a way of tricking our intuition and our hand waving arguments could
simply turn out to be wrong. Nevertheless, it is possible to test these scenarios with a model. In
order to keep our exploration as simple as possible, we created a reduced model reflecting the sim-
plified pathway shown in Figure 4; it is shown in Eq. (3). Because the only purpose of this model is
a proof of concept showing whether or not changes in enzyme activities could lead to something 
like the observed metabolite profile, we set the model up in a minimalistic fashion, again using 
(almost arbitrary) default parameter values and enzyme activities set to a nominal value of 1, so 
that the steady state consists of unity values. These intentional simplifications may show us the
consequences of introduced changes more clearly than a model that is parameterized from actual
data, but of course we cannot expect to obtain numerically valid simulation results.

Figure 4. Reduced and simplified diagram of parts of the sphingolipid pathway involved in heat 
stress response. Abbreviations of metabolites are presented in Figure 3. Names of enzymes
are not of relevance, but can be found in.14 E7C, E7S and E8 are collective representations
for the interactions between the simple and complex sphingolipids.
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(3)

As a first simulation, we start the model at the steady state (1, …, 1). Because all values are 1, all
later results automatically represent “fold” changes. At time t 2, we reduce the lyase activity (E5D(( ,
E5P) (Fig. 5A). Even with different magnitudes and different changes for the lyases with respect 
to DHS-P and PHS-P, the resulting sphingolipid profiles are not even close to the observations in 
Figure 3; instead, they primarily lead to accumulation of DHS-P and PHS-P (Fig. 5B).

For a second exploration, we double the (biosynthetic) input starting at t  2. The result is 
increased mass in the system, but the resultant profile is similar to that in Figure 5B (results not
shown). As a variation on the same theme, we increase the input more gradually and assume that
after a while the substrates for biosynthesis become limiting, thereby reducing the input flux (Fig.
5C). The model now yields a peaking profile, but all metabolites respond in parallel (Fig. 5D).

Figure 5. Two simulation scenarios with Equation (3) exploring the feasibility of simple changes 
in enzyme activities. A) The two lyases are reduced two minutes after initiation of heat 
stress. As a consequence (B), the phosphorylated sphingolipids accumulate. If in addition the 
input to the system changes in direct response to heat, the same metabolites increase more. 
Assuming that increased biosynthesis leads to substrate deprivation, the sphingolipid profiles 
begin to decrease.
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Uncounted simulations of this type may be executed and in the end it would be wise to formulate 
an optimization program that would guide the progression of simulations. Through manual explo-
ration, we developed a more complex heat stress response pattern in enzyme activities (Fig. 6A)
that actually produces a metabolic profile that qualitatively resembles the observations (Fig. 6B).
This profile is clearly not unique and not refined or optimized, because it is based on the simplified 
model with “invented” parameter values, rather than a fully parameterized model. Nonetheless, the
simulation constitutes proof of concept that temperature dependent enzymes could be the drivers 
of the very fast sphingolipid response to heat, as it is the case in the trehalose cycle. Interestingly, 
“successful” profiles like the ones in Figure 6A seem to require different affinities of the enzymes to
the dihydro- and phyto-forms of the metabolites.

In addition to simulation studies, the model format of an S-system within BST could be used 
to exhaust all possible means of achieving a desired profile at steady state. We have shown in a com-
pletely different context how such an analysis could be pursued10 (see also ref.19). In a nutshell, the 
mathematical features of the S-system model allow an elegant algebraic analysis of the entire space
of steady-state solutions in terms of enzyme activities that are consistent with a desired metabolic 
concentration profile. Among these consistent solutions, optimal transient solutions could be 
determined through dynamic analyses or nonlinear optimization studies.

Conclusion
The pathways of sphingolipid biosynthesis, utilization and recycling form an intriguingly 

complex system whose dynamics is difficult to predict with intuition alone. Mathematical modeling 
provides an aid in this regard, because it permits the integration of many pieces of information into
computational structures that are very easy to diagnose, interrogate and analyze through What-If
simulations. The bottleneck of setting up such models is the determination of parameter values,
which may be based on literature information characterizing genes, enzymes and metabolites in a 
steady-state situation, or on dynamic time trends, which can be measured with modern methods 
of mass spectrometry or nuclear magnetic resonance. Parameter estimation is the bridge between
wet experimentation and modeling and the need for improved parameter values, which are valid in

Figure 6. Simulation scenario with Equation (3) in which several enzymes have temperature
dependent activities. Profiles of changes in enzymes and input are given in (A); see Figure 3
for abbreviations. The corresponding sphingolipid profiles show a qualitatively similar pat-
tern as it was observed (Fig. 4). The “jagged” appearance of the simulated profiles is due to
discrete changes in enzyme activities.
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vivo and under relevant physiological conditions, gives clear indication that mathematical 
modeling is crucially dependent on solid experimental work. At the same time, once reliable models
are established, they become incomparably rich tools for analyses that are often unattainable with wet 
experimentation. For instance, it is at least theoretically feasible to determine all possible combinations
of enzyme activities that lead to an observed metabolite profile at steady state. As we indicated here
with an intentionally simplified analysis, it is also possible in principle to determine mathematically 
which enzymes would have to altered and in what manner, to obtain dynamic metabolite profiles as
they are observed in responses to perturbations such as heat stress.

Ultimately, reliable mathematical models will be used as valuable tools for exhaustive
prescreening studies for all kinds of scenarios and for creating novel and optimally discerning 
hypotheses that are then to be tested in the laboratory. If the history of physics is an indication of 
the future of biology, we might one day execute experiments only once the theory describing the
underlying system is sufficiently worked out and understood. Even if this procedure will become 
the norm in the future, one must expect that it will take many years and dedicated effort, both
experimentally and methodologically, to establish models of sufficient scope and reliability. Thus, 
the rise of mathematical modeling as a biological technique should not be seen as threatening 
to experimentation, but simply as an additional tool that is able to elucidate different aspects of 
a system. Modeling has improved tremendously over the past decades and successful collabora-
tions between biological and computational scientists in the recent past have begun to show that
their team efforts will be rewarding to both sides and reveal insights that neither side could have
obtained without the other.

Acknowledgements
This work was supported in part by a grant from the National Institutes of Health (R01 

GM063265; Y.A. Hannun, PI), a Molecular and Cellular Biosciences Grant (MCB-0517135; E.O. 
Voit, PI) from the National Science Foundation and an endowment from the Georgia Research
Alliance. Any opinions, findings and conclusions or recommendations expressed in this material
are those of the authors and do not necessarily reflect the views of the sponsoring institutions.

References
1. Carman GM, Henry SA. Phospholipid biosynthesis in the yeast Saccharomyces cerevisiae and inter-

relationship with other metabolic processes. Prog Lipid Res 1999; 38(5-6):361-99.
2. Dickson RC, Lester RL. Metabolism and selected functions of sphingolipids in the yeast Saccharomyces

cerevisiae. Biochim Biophys Acta 1999; 1438:305-321.
3. Hannun YA, Luberto C, Argraves KM. Enzymes of sphingolipid metabolism: from modular to integra-

tive signaling. Biohemistry 2001; 40(16):4893-4903.
4. Merrill AH. De novo sphingolipid biosynthesis: A necessary, but dangerous, pathway. J Biol Chem

2002; 277(29):25843-25846.
5. Hannun YA, Obeid LM. The ceramide-centric universe of lipid-mediated cell regulation: stress

encounters on the lipid kind. J Biol Chem 2002; 277(29):25847-25850.
6. Futerman AH, Hannun YA. The complex life of simple sphingolipids. EMBO Rep 2004; 5(8):777-82.
7. Fahy E, Subramaniam S, Brown HA et al. A comprehensive classification system for lipids. J Lipid Res

2005; 46(5):839-61.
8. Guan XL, Wenk MR. Mass spectrometry-based profiling of phospholipids and sphingolipids in extracts

from Saccharomyces cerevisiae. Yeast 2006; 23(6):465-77.
9. http://sphingolab.biology.gatech.edu/

10. Alvarez-Vasquez F, Hannun YA, Voit EO. Dynamic of Positional Enrichment: theoretical development
and application to carbon labeling in Zymomonas mobilis. Biochem Eng J 2008; 40(1):157-174.

11. Futerman AH, Riezman H. The ins and outs of sphingolipid synthesis. Trends in Cell Biol 2005;
15(2):312-318.

12. Dickson RC. Thematic review series: sphingolipids. New insights into sphingolipid metabolism and 
function in budding yeast. J Lipid Res 2008; 49(5):909-21.

13. Alvarez-Vasquez F, Sims KJ, Cowart LA et  al. Simulation and validation of modelled sphingolipid 
metabolism in Saccharomyces cerevisiae. Nature 2005; 433(7024):425-30.

14. Alvarez-Vasquez F, Sims KJ, Hannun YA et al. Integration of kinetic information on yeast sphingolipid
metabolism in dynamical pathway models. J Theor Biol 2004; 226(3):265-91.



275Computational Analysis of Sphingolipid Pathway Systems

15. Savageau MA. Biochemical systems analysis. I. Some mathematical properties of the rate law for the
component enzymatic reactions. J Theor Biol 1969; 25(3):365-9.

16. Savageau MA. Biochemical systems analysis: a study of function and design in molecular biology. Read-
ing, Mass.: Addison-Wesley Pub. Co., Advanced Book Program 1976; xvii:379.

17. Voit EO. ed. Canonical Nonlinear Modeling. S-System Approach to Understanding Complexity. Van
Nostrand Reinhold: New York, NY. 1991; xi:365.

18. Voit EO. Computational analysis of biochemical systems: a practical guide for biochemists and molecular 
biologists. New York: Cambridge University Press 2000; xii:531.

19. Alvarez-Vasquez F, Canovas M, Iborra JL et al. Modeling, optimization and experimental assessment 
of continuous L-(-)-carnitine production by Escherichia coli cultures. Biotechnol Bioeng 2002;
80(7):794-805.

20. Markus M, Hess B. Input-response relationships in the dynamics of glycolysis. Arch Biol Med Exp 
(Santiago) 1985; 18(3-4):261-71.

21. Richard P. The rhythm of yeast. FEMS Microbiol Rev 2003; 27(4):547-57.
22. Goldbeter A. Biochemical Oscillations and Cellular Rhythms. 1996, Cambridge: Cambridge University 

Press.
23. Goldbeter A. Biological rhythms: clocks for all times. Curr Biol 2008; 18(17):R751-R753.
24. Alvarez-Vasquez F, Sims KJ, Voit EO et al. Coordination of the dynamics of yeast sphingolipid metabo-

lism during the diauxic shift. Theor Biol Med Model 2007; 4:42.
25. Garcia J, Shea J, Alvarez-Vasquez F et  al. Mathematical modeling of pathogenicity of Cryptococcus 

neoformans. Mol Syst Biol 2008; 4:183.
26. Feldmesser M, Tucker S, Casadevall A. Intracellular parasitism of macrophages by Cryptococcus neo-

formans. Trends Microbiol 2001; 9(6):273-8.
27. Shea JM, Kechichian TB, Luberto C et al. The cryptococcal enzyme inositol phosphosphingolipid-phos-

pholipase C confers resistance to the antifungal effects of macrophages and promotes fungal dissemination
to the central nervous system. Infect Immun 2006; 74(10):5977-88.

28. Degroote S, Wolthoorn J, van Meer G. The cell biology of glycosphingolipids. Semin Cell Dev Biol 
2004; 15(4):375-87.

29. Ogretmen B, Hannun YA. Biologically active sphingolipids in cancer pathogenesis and treatment. Nat
Rev Cancer 2004; 4(8):604-16.

30. Fonseca LL, Sanchez C, Wu J et  al. Modeling the trehalose cycle in Saccharomyces cerevisiae based
on 13C-NMR data of intracellular metabolite pools in response to heat stress. in 10th International
Conference on Molecular Systems Biology (ICMSB 2008). 2008. University of Diliman, Philippines 
2008. (Poster).

31. Jenkins GM, Richards A. Wahl T et  al. Involvement of yeast sphingolipids in the heat stress response 
of Saccharomyces cerevisiae. J Biol Chem 1997; 272(51):32566-72.

32. Dickson RC, Nagiec EE, Skrzypek M et  al. Sphingolipids are potential heat stress signals in Saccharo-
myces. J Biol Chem 1997; 272(48):30196-200.

33. Neves MJ, Francois J. On the mechanism by which a heat shock induces trehalose accumulation in
Saccharomyces cerevisiae. Biochem J 1992; 288 (Pt 3):859-64.



Appendix

*Corresponding Author: Chiara Luberto—Department of Biochemistry and Molecular
Biology, Medical University of South Carolina, Charleston, South Carolina, USA. 
Email: luberto@musc.edu

Sphingolipids as Signaling and Regulatory Molecules, edited by Charles Chalfant 
and Maurizio Del Poeta. ©2010 Landes Bioscience and Springer Science+Business Media

Introduction to Tools and Techniques
for Ceramide-Centered Research
Kazuyuki Kitatani and Chiara Luberto*

Abstract

Sphingolipids are important components of eukaryotic cells, many of which function as
bioactive signaling molecules.1-3 As thoroughly discussed elsewhere in this volume,
ceramide, central metabolite of the sphingolipid pathway, plays key roles in a variety of 

cellular responses. Since the discovery of the bioactive function of ceramide,4 a growing number
of tools and techniques have been and still are being developed in order to better decipher the 
complexity and implications of ceramide-mediated signaling. With this chapter it is our intention
to provide new comers to the sphingolipid arena with a short overview of tools and techniques 
currently available for the study of sphingolipid metabolism, with the focus on ceramide.

Lipid Extraction
Isolation of ceramide from animal tissues and culture cells is achieved by extraction with organic 

solvents because of it’s nonpolar chemical structure. This is accomplished by using the methods
described by Bligh and Dyer5 or Folch et al.6 Approximately 100% of the biological ceramide species
are extracted into the organic phase under either method. When considering a more comprehensive 
analysis, it is important to consider the structural heterogeneity of the sphingolipid class members
therefore specific lipid extraction methods might be required. For instance, simultaneous isolation
of polar (such as sphingoid base phosphates or gangliosides) and nonpolar sphingolipids (such as
ceramides) would be better achieved using a monophase extraction.

Identification and Quantification of Steady State Levels of Ceramide
Several methods have been developed to identify and quantify ceramide by mass

QQ

spectrometry,7-10 thin layer chromatography (TLC),11,12 high performance liquid chromatography 
(HPLC)13 and enzymatic assay using Escherichia coli diacylglycerol kinase (DGK).14,15 The term 
ceramide is often used for N-acyl-sphingosine, however when investigators use a method thatNN
does not distinguish among backbone species (such as analyses by TLC or DGK assay), the
term will likely include all N-acyl-sphingoid bases regardless of the back bone.

In the past, the most widely used techniques for the determination of steady state levels of 
ceramide in cells have been long-term radiolabeling and the diacylglycerol kinase assay.

Radiolabeling of ceramide is based on the use of a radioactive precursor for ceramide synthe-
sis. De novo ceramide synthesis begins with the condensation of L-serine and palmitoyl-CoA 
through the action of serine palmitoyltransferase to form 3-ketosphinganine, which is then
reduced to sphinganine (dihydrosphingosine) (Fig. 1). This sphingoid base is then acylated by 
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(dihydro)ceramide synthases (CerS1 to 6) to form dihydroceramides with distinct fatty acyl
moieties which are then desaturated by dihydroceramide desaturase to form the corresponding 
ceramides. Therefore radioactive palmitate, serine or the more proximal dihydrosphingosine
have all been widely used as ceramide precursors. Two critical points must be considered when
approaching this technique: the radioactive precursor used should be in trace amounts and the
duration of the metabolic labeling should be optimized based on the chosen precursor and the
experimental conditions (number of cells, volume of medium, type of medium etc.). The sci-
entific rationale for this technique is based on the fact the radiolabeled precursor should enter
the cellular sphingolipid pathway without perturbing it and it is used alongside its unlabeled
counterpart present in the cells. Therefore the amount of radiolabeled ceramide present in the
cell after steady-state labeling is representative of the total ceramide levels. Since the technique
exploits the endogenous metabolic pathway, it is imperative that the amount of radioactive sub-
strate added to the cells does not constitute a significant mass that could alter the flux through
the pathway. Cells should be incubated with the radioactive precursors for the amount of time
that allows the precursors to be steadily incorporated in the pathway until their conversion into
ceramide (equilibrium between ceramide synthesis and ceramide degradation). This implies that
a residual pool of not yet metabolized precursor should be still available to the cell and the ratio 
of radioactive ceramide to total phospholipids or total proteins remains constant with time. The
amount of precursor to be added to the cells in order to obtain sufficient sensitivity (enough 
radioactivity associated with ceramide) greatly depends on the precursor’ specific activity. In

Figure 1. Schematic of ceramide metabolizing enzymes in mammalian cells. Represented 
are the reactions and the respective enzymes involved in the metabolism of ceramide. Some
enzymes can catalyze a reaction both in forward and reverse mode (i.e. SMSs and CDase).
DH-cer: dihydroceramide; DH-SPH, dihydrosphingosine; SM: sphingomyelin; GLC: glucosyl-
ceramide; SPH: sphingosine; Cer-P: ceramide phosphate; CerSs: ceramide synthases; SMases: 
sphingomyelinase; SMSs: sphingomyelin synthases; GLCS: glucosylceramide synthase; GLCase:
glucosylceramidase; CDase: ceramidase; CerK: ceramide kinase.
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general, 10-30 uCi of palmitate or dihydrosphingosine added to 2 million cells for 24 hours are 
enough to achieve all of the above.16-19 Different solvent systems may be used for separation of 
ceramide on TLC. We find that a mixture of ethyl acetate/iso-octane/acetic acid (9:5:2, v/v/v)
is particularly suitable if ceramide is the lipid of interest. If one, in addition to ceramide, is also 
interested in more polar sphingolipids, such as sphingomyelin and gangliosides, then a mixture
of chloroform/methanol/H2O (110: 40:6, v/v/v) would be our choice.

The DGK assay exploits the enzymatic promiscuity of the DGK enzyme. The DGK can in
fact phosphorylate both DAG and ceramide because of the structural similarities between these 
two lipids. On the other hand, it needs to be pointed out that the Km for ceramide is almost 
five times greater than that for DAG and this becomes a critical factor to consider when setting 
up the proper in vitro conditions for reliable and quantitative ceramide measurements. Thus,
after solubilization of total cellular lipid extracts in micelles, addition of recombinant DGK 
leads to phosphorylation of ceramide (and DAG). The addition of radioactive ATP allows the 
phosphorylated ceramide to be traced and measured. At completion of the reaction, lipids 
are extracted, separated by TLC and radioactivity associated with ceramide-P is determined.
Conversion of radioactivity into mass is obtained by using a standard curve derived from phos-
phorylation of known amounts of ceramide. The reliability of this assay depends on the fact 
that the reaction must be carried out to completion, which means that all the ceramide present 
in the original extract is converted into ceramide-P and that no factors in the lipid extracts may 
affect the DGK activity. In order for this to happen, the relative amounts of lipid extracts and
the DGK used in the assay have to be carefully chosen. The user should work in the presence of 
great excess of DGK as compared to the amount of ceramide, so that the effect on the enzyme
of potential inhibitors/activators can be dismissed and that the presence of DAG in the lipid
extracts is not limiting. A thorough discussion on the use of DGK for ceramide quantification 
is presented by Dr. Bielawska and colleagues20 and accurate description of the assay is provided
by Dr. Perry and colleagues.14

More recently much emphasis is given to the structural diversity of ceramide species. In fact,
particular species of ceramide with distinct fatty acyl moieties were shown to selectively increase
with cellular responses and generate specific ceramide signals.21,22 Therefore, the possibility of 
qualitatively and quantitatively isolate individual ceramide classes has significantly progressed the
field. This task is accomplished using mass spectrometry methodology and the specific methods
have been extensively described elsewhere.8,23-25

Analysis of Ceramide Metabolism
Radiolabeling of cells can also be used to specifically assay ceramide metabolism (either

synthesis or break-down). For ceramide synthesis, the goal is to pulse the cells with trace amounts
of a radioactive precursor and measure the levels of radioactive ceramide before the radiolabeling 
has reached steady state equilibrium. Generally few hours of incubation (up to 12 hours) will 
suffice. Since the pool of ceramide labeled in these conditions is smaller than the one achieved after 
steady state labeling (see previous section), the specific activity of the precursor is key in order to
be able to detect enough radioactive signal associated with newly synthesized ceramide.

Ceramide break-down can be also measured by radiolabeling of cells. After labeling cells to
steady state, cells are chased (incubated in absence of radioactive precursor), generally for 1 to 2
hours, to remove most of the still present free precursor. After a final wash, cells can be treated 
accordingly and subsequently collected and processed for lipid extraction as discussed in the
previous section.

A combination of pulse labeling and chase experiments will provide important information on 
the nature of potential ceramide changes (either modulation of de novo synthesis or turnover).

With the advent of mass spectrometric analysis of sphingolipids, additional specific tools
have been developed for detection of de novo ceramide synthesis. One of these is the use of 
C17-dihydrosphingosine. This particular precursor has a sphingoid backbone of seventeen car-
bons, which is not found in naturally occurring sphingolipids but it is recognized as substrate for
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ceramide synthesis. Therefore it can be used as proximal precursor for ceramide synthesis and its
conversion into C17-dihydroceramide and more complex C17-sphingolipids can be detected by 
mass spectrometry.

The Use of Ceramide Analogues
Short-Chain Ceramides

The use of short-chain ceramides provided the first clue of the biologic functions that are 
affected/regulated by ceramide.26 Natural ceramides are very hydrophobic, resulting in very poor 
water-solubility. This physical property prevents their delivery to cells. One of the approaches to
overcome this problem has been the development of synthetic water-soluble ceramide analogues
that are mostly shortened in the fatty acid moiety (i.e., C2-ceramide, d-erythro-acetylsphingosine; 
C6-ceramide, d-erythro-hexanoylsphingosine).27 These short chain ceramides are more soluble
and cell membrane-permeable, providing a viable tool to further characterize ceramide biol-
ogy and identify target molecules using in vitro and in vivo systems.18,26,28 Exogenously added 
short-chain ceramides, besides being used for synthesis of more complex sphingolipids, undergo
deacylation followed by recycling of the sphingosine backbone by reacylation with a long-chain
fatty acid, generating long-chain ceramides.29 Therefore any target/biological effect identified by 
the use of these analogues may be in fact due to the accumulation of natural ceramide instead.

Fluorescent Ceramide Analogues
Fluorescent analogues such as Bodipy-ceramide, DMB-ceramide and NBD-ceramide 

are very useful in studies of ceramide transport and metabolism.30-32 In addition, short chain
NBD-ceramides are also used as substrates for determining in vitro activities of ceramidases33 or
sphingomyelin synthases.16

Pharmacological Tools
The discovery of small chemicals capable of inhibiting ceramide metabolizing enzymes in a 

potent and selective way could offer novel pharmacological tools for studying the biological role of 
distinct enzymes and new therapeutic reagents. A number of inhibitors for ceramide metabolizing 
enzymes have been developed or identified (Table 1).

Genetic Tools
A number of gene products contribute to the ceramide metabolism. Recent technologies

have allowed selective gene silencing or knockout in mammals, providing powerful new tools for
biological research and drug discovery.

RNA Interference
RNA interference (RNAi) represents a natural endogenous mechanism that cells utilize to 

regulate RNA expression.34,35 As a research tool, it is evident that RNA interference (RNAi) has 
revolutionized the biological science by allowing selective silencing of mRNA expression. Gene
silencing can be induced by vector-based short hairpin RNA (shRNA) and synthetic small inter-
fering RNA (siRNA) through a sequence-specific cleavage of perfectly complementary mRNA.
In the field of sphingolipid research, RNAi has been used as a research tool for understanding 
metabolic and biological role for the ceramide metabolizing enzymes (Table 1).

Knockout Mice
The mouse is the foremost vertebrate experimental model because its genome can be precisely 

and variously engineered. Transgenic mice have allowed researchers to observe what happens to
an entire organism during the progression of a disease and they have become models for studying 
human diseases and their treatments. A number of knockout mice of enzymes participating in
ceramide metabolism have been generated (Table 1).
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Conclusion
Ceramide is at the heart of sphingolipid metabolism. As discussed, ceramide can be generated 

either de novo, or through the conversion of sphingosine (salvage pathway), or from the break-down 
of more complex sphingolipids such sphingomyelin (SM), glucosylceramide (Glucer) and ceramide 
phosphate (Cer-P). Therefore when studying ceramide metabolism, one needs to consider the 
number of interconnected reactions that contribute to the overall ceramide levels and the number
of other metabolites that could themselves contribute to one or more cellular processes. Thus it
is important to recognize that the more metabolic information are captured, the more complete
and compelling the case will become.
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