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Bioactive sphingolipids: metabolism and function
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Abstract Sphingolipids (SLs) are essential constituents of
eukaryotic cells. Besides playing structural roles in cellular
membranes, some metabolites, including ceramide, sphin-
gosine, and sphingosine-1-phosphate, have drawn attention
as bioactive signaling molecules involved in the regulation of
cell growth, differentiation, senescence, and apoptosis. Un-
derstanding the many cell regulatory functions of SL me-
tabolites requires an advanced knowledge of how and where
in the cell they are generated, converted, or degraded.Bl
This review will provide a short overview of the metabolism,
localization, and compartmentalization of SLs. Also, a dis-
cussion on bioactive members of the SL family and in-
ducers of SL enzymes that lead to ceramide generation
will be presented.—Bartke, N., and Y. A. Hannun. Bioactive
sphingolipids: metabolism and function. J. Lipid Res. 2009.
50: S91-S96.

Supplementary key words ceramide e bioactive lipids ¢ compartmen-
talization

Sphingolipids (SLs) represent a major class of lipids that
are ubiquitous constituents of membranes in eukaryotes.
First discovered by J. L. W. Thudichum in 1876, for a long
time SLs were considered to play primarily structural roles
in membrane formation. However, intensive research on
SL. metabolism and function has revealed members of
the SL family, including ceramide (Cer), sphingosine
(Sph), Sph-1-phosphate (S1P), and Cer-1-phosphate
(C1P), as bioactive molecules playing roles from regula-
tion of signal transduction pathways, through direction
of protein sorting to the mediation of cell-to-cell interac-
tions and recognition. SLs have also been reported to dy-
namically cluster with sterols to form lipid microdomains
or rafts, which function as hubs for effective signal trans-
duction and protein sorting (1).

Various stimuli such as tumor necrosis factor-oo (TNF-at),
interleukin (IL)-1, Fas ligand, ionizing radiation (2), phorbol
esters (3), heat stress (4), oxidative stress (5), and chemo-
therapeutics (6) induce the formation of Cer.
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Understanding the complex regulatory mechanisms
of bioactive SLs requires a broad knowledge of how these
molecules are generated, degraded, or converted, and
how and where they are located or metabolized. Recent
molecular advances in identifying enzymes involved in
the SL metabolism as well as technical advances in ana-
lytical measurements by mass spectrometry have shed light
on their roles and regulation and involvement in cellu-
lar processes.

In this review, we will briefly summarize the current
knowledge of these aspects. For more detailed insights, the
reader is referred to recent references and reviews (7-9).

METABOLISM OF BIOACTIVE SLS

The SL metabolic pathway displays an intricate network
of reactions resulting in the formation of a multitude of
SLs, with Cer [and dihydroceramide (dhCer)] as the center
of SL biosynthesis, catabolism, and as precursors of complex
SLs. Cer can be produced in at least two distinct ways. First,
it can be synthesized through the de novo pathway, and
second, through the hydrolysis of complex lipids, especially
sphingomyelin (SM) (Fig. 1). The de novo pathway com-
mences with the condensation of serine and palmitoyl-CoA
catalyzed by serine palmitoyl transferase to generate 3-keto-
dihydrosphingosine. 3-Keto-dihydrosphingosine is subse-
quently reduced to form dihydrosphingosine (sphinganine),
which is then N-acylated by (dh)Cer synthases to produce
dhCer or Cer (10). Six mammalian genes that encode
(dh)Cer synthase have recently been cloned. Each indi-
vidual so-called longevity-assurance homolog (LASS1-6)/
Cer synthase (CerS1-6) isoform shows substrate preference
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Fig. 1. Scheme of SL metabolism. Pathways are
shown as described in the text. Bioactive SL. metabo-
lites are highlighted in red. SPT, serine palmitoyl
transferase; KDS, 3-keto-dihydrosphingosine reduc-
tase; DES, dihydroceramide desaturase; SPPase, Sph
phosphate phosphatase; CK, Cer kinase; C1PP, C1P
phosphatase; SMS, SM synthase; PC, phosphatidyl-
choline; DAG, diacylglycerol; GCS, glucosylceramide
synthase; GCase, glucosyl CDase.
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for specific chain length fatty acyl CoAs. CerSl, for exam-
ple, shows significant preference for Cyg,90 FA CoA, whereas
CerSb and CerS6 preferably catalyze the acylation of (dh)
Sph with myristoyl-, palmitoyl-, and stearoyl-CoA compared
with very long-chain FA CoAs (11). dhCer is then desatu-
rated by dhCer desaturase, generating a 4,5-trans-double
bond to form Cer (12).

In the following SL biosynthetic reactions, Cer is primar-
ily used for the synthesis of SM by transferring a phospho-
choline headgroup from phosphatidylcholine through the
action of SM synthases, thereby also generating diacyl-
glycerol (13).

Cer can also be phosphorylated by Cer kinase, which in
turn can be recycled by a C1P phosphatase (14) or glyco-
sylated by glucosyl or galactosyl Cer synthases (15).

In the hydrolytic pathway, SM is cleaved by one of
several sphingomyelinases (SMases), releasing phospho-
choline and Cer. The SMases can be distinguished ac-
cording to their pH optima and subcellular localization.
Several SMases have been characterized: lysosomal acid
SMase (aSMase), zinc-dependent secretory SMase, neutral
magnesium-dependent SMase (nSMase), and alkaline
SMase (16).

Another important source of Cer is provided by the
breakdown of glycosphingolipids through sequential re-
moval of their terminal hydrophilic portions catalyzed by
a series of specific hydrolases. The products glucosylcer-
amide (GlcCer) and galactosylceramide are subsequently
hydrolyzed by specific $-glucosidases and galactosidases
to release Cer (17).
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Cer is metabolized by ceramidases (CDases), removing
the amide-linked FA to form Sph. Three types of CDases
have been classified by their pH optimum and subcellular
localization: acid CDase, neutral/alkaline CDase, and alka-
line CDase (18). Sph is then available for recycling into SL
pathways or for phosphorylation by one of two Sph kinases,
SK1 and SK2, to form S1P (19). In return, SIP phosphatases
dephosphorylate S1P regenerating Sph (20). Finally, S1P
lyase can metabolize S1P to release ethanolamine phos-
phate and hexadecenal (21).

COMPARTMENTALIZATION AND REGULATION OF
BIOACTIVE SLS

Enzymatic reactions in SL metabolism are distributed
throughout different cellular compartments (Fig. 2). Un-
derstanding the functions of SLs requires insight into the
specific subcellular localization of the enzymes involved in
the SL pathway. The initial steps of SL. de novo synthesis
leading to Cer formation take place on the cytosolic sur-
face of the endoplasmic reticulum (ER) and potentially
in ER-associated membranes, such as the perinuclear mem-
brane and mitochondria-associated membranes (12). Syn-
thesis of more complex SL. metabolites like SM and GluCer
occurs in the Golgi apparatus. Two specific pathways are
known for the transport of Cer from the ER to the Golgi.
First, SM is formed of Cer provided by the Cer transfer
protein, CERT. Second, the synthesis of GluCer is based
on Cer deriving from vesicular transport. Subsequently,
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Fig. 2. Compartmentalization of metabolites and enzymes of the SL pathway. 3KdhSph, 3-keto-
dihydrosphingosine; dhSph, dihydrosphingosine; CERT, Cer transfer protein; MAMs, mitochondria asso-

ciated membranes.

the transport protein FAPP2 delivers GluCer as precursor
for glycosphingolipid (GSL) synthesis (22). The synthesis of
complex GSLs (e.g., gangliosides) occurs in the luminal
side of the Golgi. Therefore, GluCer needs to flip from
the cytosolic surface to the inside of the Golgi. This mecha-
nism is supported by the ABC transporter, P-glycoprotein
(also known as MDR1) (23).

Subsequently, SM and complex GSLs are transported to
the plasma membrane via vesicular trafficking. There, SM
can be metabolized to Cer, and accordingly other bioactive
lipids, either by aSMase on the outer leaflet of the mem-
brane or by nSMase, which resides on the inner leaflet of
the bilayer.

From the plasma membrane, SLs may be recirculated
through the endosomal pathway. Thereby, SM and GluCer
are metabolized to Cer in the lysosomal compartment by
SMases and glucosidases and Cer is then degraded by acid
CDase to form Sph. Due to its ionizable positive charge,
the salvaged Sph is able to leave the lysosome and shows
adequate solubility in the cytosol to move between mem-
branes, including the ER, where it would be available for
recycling (24).

It is also important to realize that the subcellular locali-
zation of enzymes of SL. metabolism is a key determinant
of site of action of bioactive SLs. SLs are either hydropho-
bic or amphipathic molecules that have hydrophobic as well
as hydrophilic attributes. Hence, it is not surprising that
these molecules are mostly integral components of biologi-
cal membranes and show little movement between mem-
branes, unless acted upon by specific transport mechanisms
(such as Cer transfer protein or FAPP2).

SLS AS BIOACTIVE MOLECULES

Bioactive SLs are induced by several agonists, and, in turn,
they regulate several downstream targets that mediate their
various effects on cell function. It should be noted that
the cellular levels of the various bioactive SLs exhibit great
differences. Concentrations of Cer, Sph, and S1P differ
approximately by an order of magnitude, with Cer pre-
senting the highest and S1P the lowest level. A small
change in Cer can therefore drastically increase the levels
of Sph or SIP.

Metabolism and function of bioactive sphingolipids S93
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Within the family of SLs, Cer and S1P are the best ex-
plored bioactive components. Cer and Sph are reported
to act as tumor-suppressor lipids involved not only in intra-
cellular but also in extracellular processes.

Cer signaling has been intimately involved in the regula-
tion of cell growth, differentiation (25), senescence (26),
necrosis (27), proliferation (28), and apoptosis (29). Cer
functions, at least in part, by activating protein phospha-
tases PP1A and PP2A, which exhibit specificity for the D-
erythro stereoisomer in vitro (30). It has also been shown
that Cer may regulate protein kinase C (PKC) { (31), raf-1
(32), and the kinase-suppressor of Ras (33), significantly
changing the level of phosphorylation of various key
substrates. Another binding target for Cer is the cellular
protease cathepsin D, which may mediate the actions of
lysosomally generated Cer (34).

Sph has been connected with cellular processes such
as inducing cell cycle arrest and apoptosis by modula-
tion of protein kinases and other signaling pathways. It
has roles in regulating the actin cytoskeleton and en-
docytosis and has been shown to inhibit PKC (35). Kinase
targets for sphingoid bases including pkhlp and pkh2p
have been found in yeast, indicating functions in reg-
ulating endocytosis, cell cycle arrest, and protein synthe-
sis (36).

S1P can be seen as a tumor-promoting lipid involved in
the regulation of proliferation, cell growth, cell survival,
cell migration, inflammation, angiogenesis, vasculogenesis,
and resistance to apoptotic cell death, and therefore shows
antagonizing effects to those of Cer (37). SIP binds to G-
protein-coupled receptors (S1P receptors) on the cell sur-
face, thus regulating diverse G proteins and subsequently
various intracellular signaling pathways (38).

More recent studies have broadened the attention to
additional bioactive SLs such as C1P, GlcCer, lyso-SM, and
dhCer. Metabolism and biological function of S1P and C1P
have recently been reviewed (39).

CIP has been implicated in playing roles in inflamma-
tion and vesicular trafficking (40). It mediates the activa-
tion of phospholipase A2 and the release of arachidonic
acid in response to interleukin-f (41).

GlcCer has be shown to be involved in post-Golgi traf-
ficking and in drug resistance (42).

INDUCERS OF SL ENZYMES

In recent years, substantial evidence has accumulated
demonstrating that Cer generation pathways such as
the SMase and de novo pathway are activated by inducers
of apoptosis or growth arrest. Thus, endogenous Cer is
produced in response to various stimuli such as cytokines,
heat stress (4), UV radiation, hypoxia/reperfusion (43),
lipopolysaccharides (44), chemotherapeutic agents, and
other miscellaneous agents (6). TNF-a and IL-1 have been
shown to act on the de novo pathway as well as on nSMase
(2). Furthermore, Cer has recently been linked to Alzhei-
mer’s disease and neurodegeneration, possibly mediating
the cytotoxic response to amyloid-f peptide (45).
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aSMase, on the other hand, is induced by various stress
stimuli, such as UV and ionizing radiation, ligation of death
receptors, and chemotherapeutic agents such as platinum,
paclitaxel, and histone deacetylase inhibitors. Recent stud-
ies also implicate an activation of aSMase by reactive oxygen
species and nitrosative stress (46). Interestingly, activation of
aSMase in response to phorbol esters and to UV radiation
has been shown to lead to an increase in Cer formation
through the salvage (or recycling) pathway, i.e., by induc-
ing formation of Cer, then Sph, which is recycled back to
Cer (3).

SK is activated by various growth factors such as epider-
mal growth factor, platelet-derived growth factor, and pro-
inflammatory cytokines such as TNF-a and IL-1. However,
this reaction is part of a complex signaling cascade depen-
dent on upstream regulators such as PKC (47), phospholi-
pase D (48), and the extracellular signal-regulated kinase
mitogen-activated protein kinases. The change in the level
of the product SIP subsequently regulates cell viability and
inflammatory responses (19).

For more detailed insights into SL pathway activators,
the reader is referred to recent reviews (49, 50).

CONCLUSIONS

In recent years, there is more and more evidence that
SLs function as key components in modulating cell re-
sponses and act as signaling/regulatory molecules. To begin
to understand and integrate SL function and regulation,
one has to look not only into individual regulated pathways
(such as SK1 or aSMase) but also into the complex network
of SL. metabolism, as one bioactive SL. may be metabolically
transformed into another bioactive molecule, often with
counter functions (e.g., Cer and S1P). Importantly, one
should also consider the place of action of bioactive SLs
by determining the compartmentalization of both the in-
volved enzymes and their substrates and products. Addi-
tional challenges are the experimental difficulties in
studying lipid metabolism and function. The last years
yielded many useful analytical and molecular tools that
now enable extensive research in metabolic, topologic,
structural, and functional aspects of Cer generations. More
and more enzymes of SL metabolism have now been
cloned and characterized, and several SL specific anti-
bodies have been generated, which provides the possibility
and the tools to study the topology of SL enzyme actions.
Increasingly, animal models and knockouts in various en-
zymes of SL metabolism are revealing important and criti-
cal functions for SLs. The application of mass spectrometry
now allows specific qualitative and quantitative analysis of
endogenous SL metabolites in experimental systems and
in response to agonist stimulation.

Although many significant findings regarding function
and regulation of SL. metabolism have been made in the
last years, there are still multiple problems to be solved re-
garding lipid-protein interactions, intracellular transport,
and mechanisms of regulation. By pursuing the puzzle
pieces of the whole spectrum of SLs and their metaboliz-
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ing enzymes, research over the next few years will pursue
to disclose the complexity and relevance of this metabolic
pathway in cellular responses and the function of bio-
logically active SLs, and, consequently, downstream signal-

ing pathways. Al
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