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Intensive research over the past 2 decades has implicated cer-
amide in the regulation of several cell responses. However,
emerging evidence points to dramatic complexities in ceramide
metabolism and structure that defy the prevailing unifying
hypothesis on ceramide function that is based on the under-
standing of ceramide as a single entity. Here, we develop the
concept that “ceramide” constitutes a family of closely related
molecules, subject to metabolism by >28 enzymes and with
>200 structurally distinct mammalian ceramides distinguished
by specific structural modifications. These ceramides are syn-
thesized in a combinatorial fashion with distinct enzymes
responsible for the specific modifications. These multiple path-
ways of ceramide generation led to the hypothesis that individ-
ual ceramide molecular species are regulated by specific bio-
chemical pathways in distinct subcellular compartments and
execute distinct functions. In this minireview, we describe
the “many ceramides” paradigm, along with the rationale,
supporting evidence, and implications for our understanding
of bioactive sphingolipids and approaches for unraveling
these pathways.

Studies over the past 2 decades have begun to define critical
roles of several sphingolipids, especially ceramide, sphingosine,
sphingosine 1-phosphate (S1P),3 and ceramide 1-phosphate as
bioactive molecules (1–3). These molecules are now clearly
appreciated to function as either intra- or intercellular messen-
gers and as regulatory molecules that play essential roles in
signal transduction, inflammation, angiogenesis, diabetes/met-
abolic syndrome, neurodegeneration, and cancer/cancer ther-
apy (4–18).
Significant research has focused on ceramide as a key bioef-

fector molecule, resulting in the paradigm that ceramide func-
tions as a stress responder/coordinator, involved in the
response of cells to various stress stimuli such as cytokines,
ischemia/reperfusion, radiation, and various toxins and che-
motherapeutic agents (19, 20). In turn, ceramide is involved in

regulating cell responses that include growth arrest, senes-
cence, apoptosis, and, more recently, autophagy (11, 21–24).

Advances in Ceramide Studies and Emerging
Complexities

A large body of work has netted several significant advances
in the study of the metabolism, regulation, structure, and func-
tion of ceramide. These include molecular identification of
enzymes of ceramidemetabolism, development of in vivomod-
els (e.g. yeast (11, 25),Caenorhabditis elegans (26, 27),Drosoph-
ila (28–31), and genetically modified mice (32, 33)) that have
led to elucidation of key functions of various genes involved in
ceramide metabolism, numerous cell biology advances that
permitted defining several ceramide metabolism pathways,
development of mass spectroscopy as a major analytical
method to define and quantify ceramide and other sphingolip-
ids (34, 35), and the application of novel systems biology
approaches to the study of sphingolipids (36). Unwittingly,
these advances have highlighted previously unappreciated
complexities of ceramide-regulated pathways, and these
include the following.
Appreciation of a Multitude of Distinct Metabolic Pathways

Involved in Regulating Ceramide—The “textbook” blueprint of
sphingolipid metabolism describes basic connectivity of the
major sphingolipids in the biosynthetic and degradative path-
ways (Fig. 1). However, reality is much more complex. For
example, current estimates suggest that �28 distinct enzymes
exist to act on ceramide as either substrate or product (1, 37).
Thus, ceramide is a “hub” in sphingolipid metabolism, serving
as a precursor to ceramide phosphate, sphingomyelin, cer-
amide phosphoethanolamine, and the entire glycosphingolipid
family. Moreover, in the degradative pathway, ceramide is the
precursor to sphingosine, which in turn is the precursor to S1P.
An intensive 20 years of study has led to the molecular identi-
fication of all known enzymes of ceramide metabolism. This
achievement not only catapulted sphingolipid research into the
modern era of cell and molecular biology but also revealed the
complexity of ceramide metabolism and the many enzymes
involved in conducting the “same” reaction; for example, there
are six ceramide synthases (CerSs) (38), five ceramidases (39),
and at least four or five sphingomyelinases (SMases) (40–42),
all products of distinct genes (thus not including alternative
splicing and other mechanisms of generating diversity in pro-
tein products).
Ceramide Metabolism Is Highly Compartmentalized—Be-

cause ceramide is highly hydrophobic, it tends to reside in the
membranes where it is generated unless it is transported (for
reviews on ceramidemetabolism, see Refs. 43–47). These path-
ways are outlined in Fig. 2. In addition to its basic de novo
synthetic pathway in the endoplasmic reticulum (ER), ceramide
can also be generated in the plasma membrane by the action of
SMases and possibly neutral glucocerebrosidase (48, 49). These
enzymatic activities also exist in the lysosome and inmitochon-
dria, resulting in compartment-specific ceramide generation.
Interestingly, ceramide also can be generated in a slightly more
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complex mechanism, the salvage pathway, which involves first
the breakdown of sphingomyelin and complex sphingolipids
into ceramide and then sphingosine in the endolysosomal sys-
tem. The liberated sphingosine may then be reacylated to cer-
amide (i.e. salvaged or recycled) (50). It has also been reported
that ceramide can be generated by the reverse action of cerami-
dases (well documented in Saccharomyces cerevisiae) (51).

Thus, ceramide metabolism is subject to “local” metabolism
and control. This is well illustrated by the individual SMases
and ceramidases, which have distinct subcellular localization
with distinct enzymes localizing to the plasmamembrane, lyso-
somes,mitochondria, Golgi, and ER (41, 52). Likewise, there are
six distinct CerSs (23), and although they appear to reside pri-
marily in the ER, they may have more specific localization.
Indeed, two of the six CerSs, CerS1 and CerS6, show perinu-
clear staining when overexpressed, with CerS1 colocalizing
morphologically with lamin B (53, 54). CerS1 has also been
shown to undergo regulated translocation to the Golgi (55).
Recently, CerS4 and CerS6 have been shown to reside in mito-
chondria (56, 57). Other enzymes of ceramidemetabolism such
as sphingomyelin synthases and glucocerebrosidases also have
multiplicity and compartment-specific localization (48, 58).
Functionally, the existence of these compartment-specific
pathways clearly suggests high specialization of these pathways,
which in turn suggests specific mechanisms of regulation and,
equally as likely, distinct functions andmechanisms of action of
their lipid products.
SphingolipidMetabolism Is Highly Connected—Our classical

understanding of how metabolites participate in signaling and
cell regulation has been shaped to a large extent by conceptu-
alization of distinct “modules” of signaling regulators (initially,
modeled after the cAMP pathway). There are clear-cut advan-
tages in studying sphingolipid-mediated cell regulation as a set
of modular processes, as this allows dissection of individual
components of these processes and their mechanisms of regu-
lation (i.e. a classical reductionist approach). Indeed, significant
progress has been achieved in the past few years in understand-
ing specific pathwaysmediated by specific enzymes such as acid
and neutral SMases (59), the de novo pathway (60), and the
savage pathway (1, 61). However, it should be equally recog-

FIGURE 1. Basic blueprint of sphingolipid metabolism. Shown are the de
novo pathway of ceramide formation, the production of complex sphingolip-
ids from ceramide, the degradation of ceramide to sphingosine, the forma-
tion of S1P from sphingosine, and the clearance of S1P through the lyase
reaction. CERK, ceramide kinase; GCS, glucosylceramide synthase; GBA, acid
glucocerebrosidase; SK, sphingosine kinase; SMS, sphingomyelin synthase;
SPP, S1P phosphatase.

FIGURE 2. Compartmentalization of sphingolipid metabolism. Ceramide (Cer) is synthesized de novo in the ER and then is transported either via ceramide
transfer protein (CERT) to the Golgi, where it serves as a substrate for the synthesis of sphingomyelin (SM), or is transported by vesicular traffic for the synthesis
of glucosylceramide (gluCer) (97). Sphingomyelin and glycosphingolipids (GlycoSL) are, in turn, transported to the plasma membrane through vesicular
trafficking, and they also undergo vesicular trafficking in the endosomal system and clearance through lysosomal degradation. Ceramide can also be trans-
formed to galactosylceramide (GalCer) in the ER, a process enriched in neural tissues. SLs, sphingolipids; SMS, sphingomyelin synthase; glySL, glycosphingo-
lipids; dhSph, dihydrosphingosine; aCDase, acid ceramidase; ma-nSMase, mitochondrial associated SMase; aSMase, acid SMase; SK, sphingosine kinase; Sph,
sphingosine; CDase, ceramidase; dhCer, dihydroceramide; Mito, mitochondria; Nuc, nucleus.
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nized that the interconnection of lipidmetabolites immediately
generates a second layer of organization. Thus, although one
stimulus (e.g. TNF) may activate one enzyme (e.g. SMase) to
generate the first metabolite (ceramide in this case), a second
enzyme (e.g. ceramidase or ceramide kinase) may act on this
metabolite to generate an additional signal (e.g. sphingosine or
ceramide 1-phosphate, respectively). These subsequentmetab-
olites may then mediate their own specific actions. Each of the
secondary metabolites is itself capable of affecting the levels of
its own set of metabolites and so on. These interconnections
therefore result in “metabolic ripple effects” that complicate
attempts at dissecting specific pathways of ceramide metabo-
lism and function. As such, implicating a specific enzyme in a
cell response, which can be defined through use of biochemical,
genetic, and pharmacological studies, does not immediately
equate with implicating the immediate product of the reaction
as the direct mediator of the process. For example, studies that
implicate SMase in TNF action should not conclude that it is
the ceramide thatmediates the response. Indeed, there are now
a few examples for which S1P appears to be the likely mediator

of TNF actions on growth and induction of endothelial NOS
downstream of neutral SMase activation (62, 63). In another
example, knockdown of one of the CerSs leads to reciprocal
changes in other CerSs (64, 65).
Ceramide Is a Family of Molecules—Mass spectroscopy-based

analysisof ceramidehasdisclosed that cells and tissuesmayharbor
dozens of distinct ceramide molecular species that are distin-
guished by specific components and/or modifications (Fig. 3A)
(66). For example, ceramide may contain a 4,5-cis-double bond
introduced by dihydroceramide desaturase (DES) 1 (67), a
hydroxyl at the 4-position introduced by DES2 (Syr2 in yeast;
for the trivial designation of phytoceramide) (68), or neither
(for the designation of dihydroceramide). Fatty acid 2-hydrox-
ylase introduces an �-hydroxy on the amide-linked fatty acid
(69–71). The six CerSs show distinct substrate preference for
incorporation of fatty acids of different chain lengths in amide
linkage (38, 72). More recently, appreciation has grown that
serine palmitoyltransferase (SPT) can employ fatty acids other
than palmitate, depending on the subunit composition of SPT
(with SPTLC3 preferringmyristate) (73) and/or the presence of

FIGURE 3. Many ceramides. A, complexity of ceramide structure. Ceramide is a family of closely related molecules. Distinct enzymes control the introduction
of OH on the acyl chain (1), resulting in two variants, an OH on the sphingoid base or a double bond in the sphingoid base (2; total of three variants); the chain
length and desaturation of the acyl chain (3; at least 10 variants); the length of the sphingoid base (4; at least three major variants); and the OH at the 1-position
(5; two variants). Because these are independent modifications (at each of the sites), one can calculate the upper limit of possible ceramides as the product of
these modifications (i.e. 360), but not all these ceramides necessarily exist (e.g. some modifications may preclude others because of enzyme specificities). On
the other hand, any new discovery of additional variations would enlarge this number. B, partial representation of the metabolic domains of distinct ceramides.
Each box represents a structurally distinct ceramide and the sphingolipids (SLS) derived from that particular ceramide. Box 1 illustrates the formation of
C16-dihydroceramide with a C18-sphingoid backbone (18C16dhCer). Likewise, each of the other boxes illustrates the combinatorial action of unique enzymes/
subunits to effect the formation of unique ceramides and subsequent sphingolipids. Given the structural uniqueness of each ceramide, we recommend the
shorthand designations shown, where the initial prefix designates the length of the sphingoid base and the number of double bonds in it (e.g. 18:1), followed
by Cx indicating the length of the acyl chain, followed by an indication of acyl chain modifications (e.g. 2�-OH for hydroxylation at the 2-position of the fatty
acid). These nine boxes are representative of all individual ceramide species, of which �100 –150 can be detected using current LC-MS/MS technology. SPTLC,
subunits of SPT; FA2H, fatty acid 2-hydroxylase; Pal, palmitoyl-CoA; Myr, myristoyl-CoA; Sph, sphingosine; C1P, ceramide 1-phosphate.
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regulatory subunits (with yeast Tsc3 and its mammalian
ortholog steering toward stearate as the substrate) (74, 75). SPT
can also employ alanine as a substrate to generate a 1-deox-
ysphingoid backbone, an effect that is exaggerated in the SPT
mutants in type I hereditary sensory and autonomic neuropa-
thy (76), and may even employ glycine to generate a 1-de(OH-
methyl)sphingoid backbone (77).
Although heterogeneity in molecular composition of lipids

(especially in the chain length of the fatty acyl groups of glycer-
olipids) has been noted formore than 3 decades, it was assumed
mostly to be of minimal biological significance, and its exis-
tence was implicitly attributed to lack of fidelity of enzymes of
glycerolipid metabolism and/or the relative availability of spe-
cific fatty acids as substrates. In contrast, the many ceramides
are the product of combinatorial synthesis, with several en-
zymes collaborating to produce �200 distinct mammalian
ceramides (Fig. 3A). Thus, the action of any specific enzyme
combination results in the formation of one or a few ceramides;
for example, the action of CerS1, fatty acid 2-hydroxylase, and
SPT3 may result in formation of �-hydroxy-C18:1-ceramide
with a C16-sphingoid backbone (Fig. 3B). These considerations
also raise questions about howwedefine lipidmolecular species
(Fig. 4). Moreover, each of these distinct ceramides becomes a
founding member of its own “world” of complex sphingolipids
based on this ceramide structure, thus compounding the
molecular complexity of sphingolipids (Fig. 3B).
Complexity and Confusion in Determining “Ceramide Func-

tion”—In the unitary approach to ceramide function, studies
often revealed not only several functions for ceramide but also,
at times, contradictory ones, depending on cell type and other
variables, thereby rendering a unified understanding of cer-
amide function difficult if not contrived. For example, ceramide
has been implicated in mediating apoptotic responses both
downstream and upstream of caspases or mitochondrial dys-
function. Although some of these discrepant effects may be the
result of the action of subsequent ceramide metabolites (as dis-
cussed above), emerging evidence implicates distinct cer-
amides in distinct responses (as discussed below).

Many Ceramides

Thus, a unitary conceptualization of ceramide function is
no longer tenable; rather, individual ceramide molecular
species are likely regulated by specific biochemical pathways
in distinct subcellular compartments and execute distinct
functions. This represents a significant paradigm shift away
from the singular function of ceramide to the “many cera-
mides” model (loosely analogous to the “many worlds” inter-
pretation of quantum mechanics as proposed by Hugh Ever-
ett and further developed by Bryce DeWitt, which in essence
posits that alternative outcomes predicted by quantum
mechanics are all realized but in different “worlds”). Accord-
ing to this analogy, the many ceramides hypothesis posits
that (in the extreme case) every structural change in cera-
mide leads to its own world of derived sphingolipids with
possibly distinct subcellular localization and possibly dis-
tinct functions (as discussed below).

Examples of Distinct Ceramide Pathways

The era of deciphering functional differences for distinct
ceramides was enabled by the development of mass spectro-
metric quantitative and semiquantitative analytical approaches
over the past 10 years. It should be noted, however, that the
functional significance of specific modifications in ceramide
structure was hinted at by nearly 2-decade-old studies that
defined a functional role for the 4,5-cis-double bond in cer-
amide; thus, ceramides but not dihydroceramides could induce
apoptotic and other cell responses (78).
In one of the earliest studies to examine molecular ceramide

species in the context of cell responses, it was observed that
triggering of the B-cell receptor in lymphocytes induced a
biphasic elevation in ceramides (79). The early phase (overmin-
utes/hours) consisted primarily of C16-ceramide and preceded
the onset of activation-induced cell death. The accumulation of
this ceramide was inhibited by fumonisin B, an inhibitor of
CerSs, which also prevented activation of caspases, mitochon-
drial damage, and induction of cell death. The later phase of
ceramide involved accumulation of C24-ceramide, and in con-

FIGURE 4. Defining a lipid species. Three levels of “definition” must be con-
sidered as shown in the figure.
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tradistinction to the first phase, this accumulation required
activation of caspases. Functionally, this was linked to activa-
tion of the proteasome (80). In a historical aside, the very first
observation of specific elevations of C16-ceramidewas probably
that reported by Watts et al. (81); however, the authors dis-
missed the significance of that change because it required 1–2 h
of cell stimulation.
Insight into ceramide-specific functions has arisen from a

molecularly driven line of investigation focusing onmembers of
the CerS family that form ceramides with distinct acyl chain
lengths. In one study, Koybasi et al. (82) discovered that, of the
various ceramides, only C18:0-ceramide was selectively down-
regulated in head and neck cancer tissues. Because this cer-
amide is a specific product of CerS1, the authors subsequently
implicated CerS1 in mediating growth regulation (53).
In another study, Min et al. (83) provided evidence that

CerS1 increased sensitivity of HEK293 cells to several chemo-
therapeutic agents, whereas CerS4 did not appear to modulate
drug sensitivity. Mechanistically, these results were traced to
selective activation of the p38 MAPK by CerS1 and not the
other CerSs.
Voelkel-Johnson and co-workers (54) found that colon can-

cer cells had extremely reduced CerS6 levels andwere defective
in the C16-ceramide response to TRAIL-induced apoptosis.
Expressing CerS6 was sufficient to restore the apoptotic
response to TRAIL (54). Additional studies by Dent and co-
workers (84) implicated CerS6 in regulating calcium release,
reactive oxygen species production, and cell death induced by
MDA-7/IL-24. Another recent study specifically implicated
C16-ceramide, most likely generated through the salvage path-
way, in contributing to celecoxib-induced cytotoxicity (85).
Kolesnick and co-workers (56) recently implicated CerS5 and
CerS6 in mediating cytotoxic responses to ionizing radiation,
whereas CerS2, probably acting in mitochondria, offered par-
tial protection. Very recent work from our laboratories has also
implicated CerS5 and CerS6 in the generation of long chain
ceramides by the salvage pathway, which were necessary for
regulating membrane permeability in the programmed cell
death execution phase inMCF-7 breast cancer cells in response
toUV radiation (86). Thus, taken together, studies onCerSs not
only implicate each of these enzymes in the formation of spe-
cific ceramides and perhaps in specific compartments but also
clearly suggest ceramide species-specific functions.
Other recent studies implicated the specific production of

dihydroceramide in the induction of autophagy. Zheng et al.
(87) showed that autophagy was induced in prostate cancer
cells treated with C2-dihdydroceramide, one of the first studies
to demonstrate biological activities of the dihydroceramide
class. Signorelli et al. (88) reported that resveratrol induced
autophagy in gastric cancer cells, and this was accompanied by
inhibition of DES and accumulation of dihydroceramide.
Importantly, direct inhibition of DES with XM462 caused the
accumulation of dihydroceramide and was sufficient to induce
autophagy.
It should be noted that several additional recent studies have

disclosed specific functional and pathobiological roles of spe-
cific enzymes of ceramidemetabolism. For example, knock-out
of CerS2 results in severe liver pathology (38), mutations in the

fatty acid 2-hydroxylase have been implicated in inherited
human leukodystrophy (89), and mutations in DES have been
related to amelioration of diabetic complications (4). At this
point, these results do not yet distinguish roles of specific cera-
mides versus roles of subsequent metabolites. As such, these
approaches allowus tomake conclusions about functional roles
of specific modifications in the ceramide backbone that also
affect all downstream sphingolipids, and further studies are
required to define the specific lipid mediator(s). Thus, this
approach has promise for yielding significant results and
insights.

Implications of This Paradigm Shift

It is understandable that tackling the major questions about
how ceramide is regulated and how it functions would have
been much easier had ceramide been a single entity generated
by a single pathway. However, the reality of the complexities of
ceramide formation and the multitude of distinct enzymes of
ceramide metabolism and distinct ceramide species has
become undeniable. In turn, this enforces a re-examination of
how studies on ceramide should evolve and how results are to
be interpreted.
First and foremost, the many ceramides approach negates

the current prevailing paradigm that ceramide can be under-
stood in terms of regulation and function as a single entity. It is
quite unlikely that ceramide formed in the lysosome by the
action of acid SMase should exert the same specific effects as
ceramide formed in the Golgi or the plasma membrane by the
regulation of ceramidases or neutral SMase. Thus, at the very
least, mechanistic studies on ceramide function and regulation
should focus on specific pathways of formation. This may be
termed the “enzyme-centric” approach. Given the specific sub-
cellular localizations of these enzymes, this approach is by
necessity also a “compartment-specific” approach.
A poorly studied aspect of ceramide compartmentalization

relates to membrane topology, sidedness, and submembrane
organization of ceramide metabolism and action. Current
results show that ceramide can flip-flop readily in artificial
membranes and in red blood cells (consistent with its physico-
chemical properties of lack of charge in a small hydrophobic
molecule) (90). However, at this point, we cannot rule out sid-
edness to ceramide metabolism and function in more complex
biologicalmembranes.Moreover, there is strong evidence from
over 4 decades of research that sphingomyelin partitions into
membrane subdomains (91) that may also exist in biological
membranes as “rafts” (92) and that ceramide may regulate the
formation of these domains (93).
As a corollary, this conceptualization of compartment-spe-

cific metabolism of many ceramides raises the issue of whether
“ceramide” serves as a hub in sphingolipidmetabolism.What is
emerging is that distinct ceramides in distinct compartments
serve as local minihubs of sphingolipid metabolism. In turn,
protein-mediated transfer and vesicular transport of sphingo-
lipids then serve to connect these “many hubs” (Fig. 2). At this
point, it is not clear if individual ceramide species reside either
in distinct membranes or within distinct subdomains of mem-
branes. Unfortunately, there is a paucity of tools to evaluate this
critical issue, which would require advanced subcellular frac-
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tionation coupled withmass spectrometry and, even better, the
development of high affinity probes for specific ceramides.
Amajor quest in understanding bioactive lipids is the need to

understand themechanisms of their formation, but also equally
important is the need to understand their mechanisms of
action. As such, defining the “active” lipid species becomes of
obvious critical importance in discerning the downstream tar-
gets and mechanisms involved in mediating the specific func-
tions of the enzyme under study. Therefore, we propose a two-
track approach in elucidating lipid-dependent pathways. First,
an enzyme-centric approach could define the function of the
specific enzyme. This builds on the availability of molecular
tools; animal models; and biochemical, pharmacological, and
genetic approaches. Next and because of the interconnectivity
of lipid mediators, a “lipid-centric” approach could define
which specific lipid is implicated and then its mechanisms of
action. This can also employ genetic approaches; one could aim
to “triangulate the lipid” by specific modulation of enzymes
through gain- or loss-of-function studies. This lipid-centric
approach can also avail itself of analytical tools to quantify lipids
and correlate lipids with specific functions as well as biochem-
ical and pharmacological approaches.One such recent example
from our group employed exogenously applied purified bacte-
rial enzymes of sphingolipid metabolism (SMase, ceramidase,
and SMase D) to define a specific role for ceramide in the
plasmamembrane and not sphingomyelin or othermetabolites
in the regulation of ezrin dephosphorylation (94). Moreover, it
is expected that bioinformatic approaches will also help in the
quest to define lipid-specific functions. In such an approach,
functions for yeast sphingoid base phosphates were elucidated
by “deconvoluting” gene-based transcriptomic data to lipid-
based regulation by simultaneously analyzing transcriptomic
and lipidomic results (95). Another very recent approach helps
visualize sphingolipidomic results and correlates those with
functional changes in transcriptomic data on sphingolipid
enzymes (96).
At a mechanistic level, this emerging paradigm has signifi-

cant implications for molecular mechanisms of action of cer-
amide. As a sum of all of its species, ceramide is present in cells
at levels that usually range from 0.1 to 1.0% of total phospho-
lipids. If all ceramides regulate one specific target and, in turn,
that target reacts to the total relative concentration of cera-
mides, then such interactions would be of moderate affinity. As
such, ceramide would be expected to more closely resemble
diacylglycerol in its interactions with protein kinase C. How-
ever, regulation of distinct species of ceramide in specific sub-
cellular compartments would involve very low abundance lip-
ids. The relative concentrations of individual ceramide species
span many orders of magnitude, with some of the minor yet
detectable species now present as �0.001% of total lipids, con-
centrations that are more similar to those of many eicosanoids
and S1P, all with high affinity receptors. Accordingly, one
would expect that if these individual ceramides are bioactive,
they may have high affinity targets.

Concluding Remarks

In conclusion, tackling the biology of the many ceramides
model has become significantly complicated by the emerging

complexities in our understanding of ceramidemetabolism, the
many enzymes involved, the compartmentalization of these
pathways, the interconnectivity of lipid metabolism, and the
distinct species of ceramide molecular species. Paradoxically,
we propose that by tackling ceramide as a family of perhaps
�200 distinct molecules, we will better clarify the conceptual
underpinnings, although, understandably, the volume of data
required will multiply, which is another challenge. Still, the
principles will be easier to develop and assimilate. Such sim-
plification following complexity has been observed previ-
ously (e.g. in the study of the eicosanoids). With the many
ceramides approach, this promises equally rewarding and
exciting discoveries and progress. For example, it is cur-
rently difficult to predict whether an observed change in
ceramide will lead to apoptosis or ER stress or senescence.
According to the new hypothesis, defining the pathway reg-
ulating ceramide, where in the cell this occurs, and what
specific species of ceramide accumulates will result in a
much more robust understanding of that specific pathway of
cell regulation and in predicting its function. Clearly, the
study of ceramides is unfolding into a world of its own that
requires substantial investigation and promises novel and
unique insights into lipid metabolism and function.
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and Fabriàs, G. (2009) Cancer Lett. 282, 238–243

89. Kruer, M. C., Paisán-Ruiz, C., Boddaert, N., Yoon, M. Y., Hama, H., Greg-
ory, A.,Malandrini, A.,Woltjer, R. L.,Munnich, A., Gobin, S., Polster, B. J.,

Palmeri, S., Edvardson, S., Hardy, J., Houlden, H., and Hayflick, S. J. (2010)
Ann. Neurol. 68, 611–618
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