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Abstract

Sphingolipids are important components of eukaryotic cells, many of which function as bioactive
signaling molecules. Of these, ceramide is a central metabolite and plays key roles in a variety of
cellular responses, including regulation of cell growth, viability, differentiation, and senescence.
Ceramide is composed of the long-chain sphingoid base, sphingosine, in N-linkage to a variety of
acyl groups. Sphingosine serves as the product of sphingolipid catabolism, and it is mostly salvaged
through re-acylation, resulting in the generation of ceramide or its derivatives. This recycling of
sphingosine is termed the “salvage pathway”, and recent evidence points to important roles for this
pathway in ceramide metabolism and function. A number of enzymes are involved in the salvage
pathway, and these include sphingomyelinases, cerebrosidases, ceramidases, and ceramide
synthases. Recent studies suggest that the salvage pathway is not only subject to regulation, but it
also modulates the formation of ceramide and subsequent ceramide-dependent cellular signals. This
review focuses on the salvage pathway in ceramide metabolism, its regulation, its experimental
analysis, and emerging biological functions.
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1. Introduction

Ceramide is a bioactive sphingolipids that has been implicated in mediating or regulating many
cellular processes, including cell cycle arrest, apoptosis, senescence, and stress responses [1].
Formation of ceramide can be induced by different stimuli such as tumor necrosis factor-a
(TNF-a) [2], Fas ligand [3], phorbol ester [4], heat stress [5], oxidative stress [6], ionizing
radiation [7], and chemotherapeutics [8].

Multiple metabolic pathways converge upon ceramide, and thus far the de novo pathway and
the sphingomyelinase (SMase) pathway (Fig. 1) have been the subject of intense study. The
de novo synthesis of ceramide commences with the condensation of serine and fatty acyl-CoA
via action of serine palmitoyltransferase, followed by the consecutive action of 3-

Address correspondence to: Yusuf A. Hannun, Department of Biochemistry and Molecular Biology Medical University of South Carolina
173 Ashley Avenue, P.O. Box 250509 Charleston, South Carolina, 29425. Tel: 843-792-4321, Fax: 843-792-4322. E-mail:
hannun@musc.edu.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting
proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kitatani et al.

Page 2

ketodihydrosphingosine reductase, dihydroceramide synthases, and dihydroceramide
desaturase [9,10]. This pathway can be metabolically induced in response to metabolic loading
with either serine or palmitate [11]. It is also activated by chemotherapeutic agents [8], heat
stress [5], oxidized LDL [12], and cannabinoids [13]. Studies have implicated the ceramide
formed de novo in mediating some of the effects of these inducers on stress responses, and
apoptosis [5,8,13].

Ceramide can be also generated from hydrolysis of sphingomyelin through the action of either
acid or neutral SMases [14]. These enzymes break down sphingomyelin to produce ceramide
and phosphocholine, and they are stimulated in response to cell treatment with TNF-o. [15],
Fas ligand [3], or oxidative stress [6].

Recent studies have revealed a more complex mechanism of ceramide accumulation from the
catabolism of complex sphingolipids that are broken down eventually into sphingosine, which
is then reused through reacylation to produce ceramide. This latter pathway has been referred
to as either sphingolipid recycling or the salvage pathway [16-21]. This pathway involves a
number of key enzymes that include SMases, possibly glucocerebrosidase (acid-f3-
glucosidase), ceramidases, and (dihydro)ceramide synthases (Fig. 1).

A growing body of evidence is starting to point toward roles for ceramide generated through
the salvage pathway in many biological responses, such as growth arrest [18], apoptosis [22],
cellular signaling [23] and trafficking [17]. Indeed, this may emerge as a commonly employed
pathway in cell regulation that may even reconcile some of the previous seemingly
contradictory results on activation of acid SMase vs the de novo pathway.

Differential activation of these distinct pathways of ceramide formation is possible due to
spatial separation of enzymes that contribute to ceramide formation. For example, serine
palmitoyltransferase, the limiting enzyme of the de novo pathway is localized in the
endoplasmic reticulum [24], and this endoplasmic reticulum-derived dihydrosphingosine
serves as a substrate for dihydroceramide biosynthesis through the de novo pathway. By
contrast sphingosine is generated from breakdown of complex sphingolipids in lysosomes, and
then it could serve as a substrate for ceramide re-generation (the salvage pathway), possibly
in endoplasmic reticulum or in endoplasmic reticulum-associated membranes. In addition, it
is possible, if not likely, that distinct (dihydro)ceramide synthase isoforms with differential
cellular localization may be involved in the de novo vs. the salvage pathway. Cellular
homeostasis in response to different stimuli will depend on which pathway of ceramide
formation is activated, as well as when and where in the cell this occurs.

The metabolism and role of ceramide and sphingolipids in general have been recently addressed
in several reviews [25-29]. This review will focus on the emerging ceramide salvage pathway
and its potential roles in physiological and pathological processes.

2. The salvage pathway

2-1 Sphingolipid biosynthesis

Long chain sphingoid bases (dihydrosphingosine and sphingosine) serve as the backbones of
mammalian sphingolipids, and are considered the chemically-defining feature of
sphingolipids. The de novo biosynthesis of ceramide occurs in the endoplasmic reticulum and
commences with the action of serine palmitoyltransferase which condenses preferentially
serine and palmitoyl CoA to form 3-ketodihydrosphingosine. This is then reduced to form
dihydrosphingosine (sphinganine), which is then acylated by dihydroceramide synthases. The
activities for acylation of long chain bases (both dihydrosphingosine and sphingosine) have
been found to reside in microsomes. In mammals, six genes that encode (dihydro)ceramide
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synthase have been recently cloned and termed longevity-assurance homologues (LASSS:
LASS1-6)/ceramide synthases (CerSs; CerS1-6) [30-33]. Biochemically, individual ceramide
synthase isoforms show substrate preference for specific chain length fatty acyl CoAs, thus
generating distinct ceramides with distinct acyl-chain lengths. For example, LASS1 shows
significant preference for C,g-g fatty acid CoA, whereas LASS5 and LASS6 preferentially
catalyze the acylation of (dihydro)sphingosine with myristoyl-, palmitoyl- and stearoyl-CoA
rather than very long-chain fatty acid CoAs [31,34]. Initial studies regarding the subcellular
localization of LASS family members demonstrate that, in over-expression models of genes,
tagged-LASS 1/4/5/6 members were commonly observed to reside at the endoplasmic
reticulum [31,32,35]. Dihydroceramides with distinct fatty acyl moieties are then desaturated
by dihydroceramide desaturase to form the corresponding ceramides [36].

Biosynthesis of complex sphingolipids follows the formation of ceramide on the membranes
of the endoplasmic reticulum and continues in the Golgi apparatus. This requires either
vesicular transport of ceramide to the Golgi or protein-facilitated transport by the action of the
ceramide transfer protein CERT [37]. The addition of a glucose residue in a glycosidic linkage
to ceramide occurs at the Golgi apparatus, forming glucosylceramide, a predominant precursor
of complex glycosphingolipids [21]. In addition to glycosylation, the primary alcoholic moiety
of ceramide serves as the attachment site for a phosphate or for a phosphocholine, producing
ceramide-1-phosphate or sphingomyelin, respectively [38-40]. These sphingolipids and
glycosphingolipids are then distributed to plasma membranes and subcellular organelles and
undergo the turnover with degradation and re-generation.

2-2 The sphingosine-ceramide salvage pathway in sphingolipid turnover

Constitutive degradation of sphingolipids and glycosphingolipids [19,41] takes place in the
acidic subcellular compartments, the late endosomes and the lysosomes (Fig. 1). In case of
glycosphingolipids, exohydrolases, acting at acidic pH optima, cause the stepwise release of
monosaccharide units from the end of the oligosaccharide chains one after the other, leading
to the generation of ceramide. Sphingomyelin is converted to ceramide by acid SMase [42].
The common metabolic product, ceramide, can be further hydrolyzed by acid ceramidase to
form sphingosine and free fatty acid, both of which are able to leave the lysosome [43], in
contrast to ceramide which does not appear to leave the lysosome [44]. The long chain
sphingoid bases released from the lysosome may then re-enter pathways for synthesis of
ceramide and/or sphingosine-1-phosphate (Fig. 1). The latter lipid is generated by sphingosine
kinases (the reader is referred to many excellent reviews on sphingosine kinases) [45-47]. In
this review, we will focus on the regeneration of ceramide from breakdown of complex
sphingolipids (the salvage pathway), and mostly focus on the lysosomal arm of breakdown of
complex sphingolipids.

It should be noted that whereas free dihydrosphingosine is mostly generated by de novo
sphingolipid biosynthesis, free sphingosine appears to derive exclusively from the turnover of
glycosphingolipids, sphingomyelin or ceramide. Indeed, none of dihydrosphingosine
desaturases have been identified so far. Thus all sphingosine should be considered a product
of hydrolysis of complex sphingolipids and then ceramide. It follows then that sphingosine-1-
phosphate in turn is also strictly a product of sphingolipid breakdown.

The salvage pathway of long chain sphingoid bases, leading to the re-generation of
sphingolipids, has been estimated to contribute from 50% to 90% of sphingolipid biosynthesis
[16,48]. These metabolic considerations suggest a crucial role for sphingolipid breakdown in
sphingolipid biosynthesis/turnover as well as in cellular signal transduction.

The salvage pathway re-utilizes long chain sphingoid bases to form ceramide through the action
of ceramide synthase [20]. Thus, LASS family members probably trap free sphingosine
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released from lysosome at the surface of the endoplasmic reticulum or in endoplasmic
reticulum-associated membranes. Interesting insight into selective fates of free sphingosine
has been provided by Sonnino and co-workers [49]. They showed that, in a cell culture model,
exogenous sphingolipids in serum that are taken up by the cells directly reach the lysosomes
largely to be catabolized to small fragments and water (presumably by being converted first to
sphingosine-1-phosphate and then ethanolamine phosphate and palmitaldehyde). In contrast,
the majority of endogenous sphingosine is recycled. Importantly, the study suggests that
intrinsic turnover ofsphingolipids and glycosphingolipids mostly occurs independently of
extracellular lipid-protein complexes such as lipoproteins that must be trapped by cells.

2-3 Deacylation/reacylation of exogenous short-chain ceramide

Short-chain ceramides (Co-ceramide and Cg-ceramide) are water-soluble and cell-membrane
permeable, and thus, unlike natural long and very long chain ceramides, can be easily delivered
to cells [50]. Extensive studies using these short-chain ceramides have been performed to
examine the biological aspects of ceramide, revealing intracellular ceramide targets as well as
various ceramide signaling pathways [51-55]. Importantly, recent studies also shed light on
the metabolic fate of short-chain ceramides [18,22,56] (Fig. 1). Exogenous Cg-ceramide was
subject to deacylation whereas Co-ceramide was defective in deacylation [18,22], which might
arise from the selectivity (substrate preference) of ceramidases. The deacylation process thus
becomes a rate-limiting step in determining the extent of availability of sphingosine backbone
of exogenous ceramide for further metabolism.

The specific fates of exogenous Cg-ceramide were evaluated by employing radio-labeled
sphingosine backbones or LC/MS using C17-sphingosine which does not naturally exist [56].
Following Cg-ceramide treatment, endogenous long-chain ceramide (mostly Cyg:9-ceramide)
was generated (containing the sphingoid base of the Cg-ceramide). Pharmacological
approaches using a ceramide synthase inhibitor (fumonisin B1) [57] and metabolic labeling of
the Cg fatty acid [18] revealed that this process was attributed to recycling of the sphingosine
backbone of Cg-ceramide via deacylation/reacylation, but not to the elongation of its fatty acid
moiety. Thus, action of ceramidases (or other N-deacylases) results in releasing free
sphingosine which in turn undergoes re-acylation in a ceramide synthase-dependent manner.
At this point, the specific ceramidases or ceramide synthases (LASSs/CerSs) involved in this
recycling are not well defined.

Interestingly, the salvage of the sphingosine backbone of exogenous short-chain ceramide to
form endogenous long-chain ceramide was attenuated by brefeldin A, a mycotoxin that causes
disassembly of the Golgi apparatus [56]. This mycotoxin is likely to act mainly at the
deacylation step. Thus, deacylation of short-chain ceramide is suggested to occur at the intact
Golgi apparatus. Mao's group has recently cloned a novel human alkaline ceramidase (termed
alkaline ceramidase 2) which selectively localizes to the Golgi apparatus [58]. In light of the
Golgi-dependent deacylation of short-chain ceramide, alkaline ceramidase 2 might play a role
in deacylation of short-chain ceramide and resultant release of free sphingosine. Accordingly,
a unique cross-talk between Golgi alkaline ceramidase and ceramide synthases is presumed to
account for the recycling of sphingosine during the turnover of exogenous short-chain
ceramides.

3. Experimental analysis of the salvage pathway

There are many reasons for the delayed appreciation and understanding of the salvage pathway.
Some have to do with the delayed appreciation of the ‘metabolic connectivity” of sphingolipid
metabolism. At a practical level, the absence of metabolic methodology and absence of
selective inhibitors for the key enzymes of the salvage pathway (LASS family members, acid
SMase and acid ceramidase) have also contributed to this paucity of studies. The following
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i) Fumonisin B1-sensitive/ myriocin-insensitive formation of ceramide

The ceramide salvage pathway differs from the ceramide de novo pathway in metabolic
features (catabolism vs anabolism), but these pathways share a singular step where long-
chain sphingoid bases are acylated to ceramide in a (dihydro)ceramide synthase-dependent
manner. A number of metabolic inhibitors have been discovered to block particular
catalytic steps in these pathways [59], and two of the best-studied inhibitors of ceramide
synthesis are myriocin/ISP-1 [60] and fumonisin B1 [57]. The former is a selective
inhibitor of serine palmitoyltransferase, being selectively capable of blocking the de
novo pathway for ceramide synthesis. In contrast, fumonisin B1, a potent inhibitor of
(dihydro)ceramide synthases, is able to significantly inhibit both the de novo and the
salvage pathways, leading to inhibition of ceramide synthesis as well as reciprocal
accumulation of free long chain sphingoid bases. Accordingly, the salvage pathway-
derived synthesis of ceramide is sensitive to fumonisin B1 but not to myriocin/ISP-1, and
differential sensitivity of ceramide synthesis to the two inhibitors can distinguish the
salvage pathway from the de novo biosynthesis. However, caution should be employed in
the use of myriocin, since this inhibitor will, if employed over several hours, inhibit all
sphingolipid synthesis, including the synthesis of complex sphingolipids. As such, it would
also inhibit ceramide formed from the salvage pathway by depleting the precursor
sphingomyelin and/or glucosylceramide. Thus, these two pharmacological inhibitors
provide powerful tools for determining the pathway responsible for ceramide synthesis.

ii) Selective palmitate incorporation into ceramide in chase versus pulse labeling

The metabolic origins of ceramide can be evaluated by metabolic labeling methods using
radioactive ceramide precursors (palmitate or serine), in either “pulse labeling” or “steady
state labeling” approaches. Activation of the de novo pathway can be detected selectively
by pulse labeling with precursors, whereas the salvage pathway can be detected selectively
by steady state labeling and analysis of turnover since the label has to be incorporated into
complex sphingolipids before further hydrolysis and reincorporation into ceramide.

Accordingly, the salvage pathway can be ‘diagnosed’ by metabolic labeling approaches.

iii) An increase in free sphingosine

In the steady state, the cellular level of free sphingosine is determined by the net result of
metabolic flux between catabolism and anabolism of sphingolipids. An increase in
sphingosine has been shown to occur in response to TNF-a [61], serum starvation [62],
interleukin-1p [63], bradykinin [64], phorbol ester [17], and Fas ligands [65]. The release
of sphingosine is presumed to arise from enhanced degradation of complex sphingolipids,
sphingomyelin or ceramide. Subsequently, sphingosine kinases or ceramide synthases can
trap free sphingosine, resulting in formation of sphingosine-1-phosphate or ceramide,
respectively. Sphingosine formation is not always associated with ceramide synthesis (the
salvage pathway). Importantly, the detection of an increase in free sphingosine not only
indicates enhancement of sphingolipid catabolism, but also raises the possibility of
facilitated sphingosine salvage for ceramide synthesis.

iv) Use of RNA interference (RNAI)-based studies to dissect the enzymes involved in the
salvage pathway

As shown in Fig. 1, a number of enzymes participate in the salvage pathway, and these
include members of the LASS family, acid SMase, and acid ceramidase. The relatively
recent development of RNAI [66] has allowed the selective knock-down of these genes
individually [23,67-70]. The implication of several of the above genes along the pathway
of ceramide formation provides strong evidence for the operation of this pathway.
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4. Regulation of the salvage pathway
4-1, The salvage pathway and protein kinase C (PKC)
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Recent studies have begun to implicate members of the PKC of Ser/Thr protein kinases as
upstream regulators of the sphingoid base salvage pathway resulting in ceramide synthesis
following PKC activation in human breast cancer cell line (MCF-7 cells) [17,23].Initially, it
was shown that PKC activation by phorbol esters stimulated the formation of ceramide, and it
was concluded that phorbol esters activated the de novo pathway [4], based on the sensitivity
of ceramide formation to fumonisin B1. However, in a more recent study, it was shown that
phorbol ester-induced ceramide was not myriocin-sensitive. Labeling studies demonstrated
that phorbol esters stimulated turnover of ‘steady state’ labeled sphingolipids but not pulse
labeled ceramide, ruling out an involvement of the de novo pathway in ceramide accumulation
and indicating the contribution of the salvage pathway. Moreover, mass spectrometric analysis
demonstrated an elevation of free sphingosine following PKC activation, further suggesting
enhanced degradation of sphingolipids or glycosphingolipids. In light of those results, it was
suggested that PKC stimulates the sphingosine-salvage pathway for ceramide synthesis [17].

Interestingly, PKC activation of the salvage pathway induced a selective increase in certain
ceramide species (predominantly Cq4.9-ceramide) following the generation of free sphingosine
[17]. Further studies using RNAI revealed an involvement of specific LASS in the phorbol-
ester induced ceramide synthesis [23]. In agreement with in vitro substrate preference of
LASS5 [34], Cy6:0-ceramide synthesis was partially attributed to action of LASS5 [23].
Therefore, LASS5 appears to be primarily involved in the re-acylation of salvaged sphingosine.

Cell fractionation studies suggested that the biosynthesis of ceramide in response to phorbol
ester led to partial accumulation of ceramide in (or close to) mitochondria (e.g. in mitochondria-
associated membranes) [23]. Thus, fumonisin B1-sensitive elevation of Cqg.g-ceramide was
observed in the mitochondria-enriched heavy membrane fraction. Ceramide synthase activity
[71] has been observed in mitochondria-associated membranes where free sphingoid bases are
converted to (dihydro)ceramide by (dihydro)ceramide synthases [23]. Moreover, ceramide-
enriched mitochondria upon treatment with phorbol esters were seen to localize around the
nuclear envelope where LASS5 as well as other LASS family members are present [31,32,
35]. These spatial changes in subcellular compartments (mitochondria, endoplasmic reticulum,
and mitochondria-associated membranes) may play a key role in allowing the accumulation
of Cy4-0-ceramide in mitochondria and/or mitochondria-associated membranes.

Additional studies have implicated acid SMase in the generation of ceramide following PKC
activation in MCF-7 cells, such that RN A directed against acid SMase prevented phorbol ester-
induced sphingomyelin hydrolysis and caused a significant reduction in the accumulating
ceramide [72]. In light of previous studies demonstrating that lysosomal sphingomyelin
degradation results in generation of sphingosine which is salvaged for ceramide synthesis
[42], acid SMase appears to be a key component in PKC-dependent ceramide synthesis through
the salvage pathway.

Studies conducted to determine which PKC isoform is involved in ceramide accumulation
showed that specific pharmacologic inhibition or knock-down of the PKC8 isoform completely
attenuated ceramide formation following phorbol ester treatment [72]. Additional studies
showed that PKC3 activates acid SMase, in a process involving phosphorylation of acid SMase.
Thus, PKC3 is likely to elicit ceramide formation through the salvage pathway by controlling
sphingolipid turnover at the level of acid SMase (Fig. 2).
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4-2, Cellular redox state and turnover of short-chain ceramides

Cellular redox state plays an important role in regulating various signal transduction processes
[73,74]. Exposure of cells to hydrogen peroxide induces oxidative stress, which is known to
evoke ceramide generation concomitant with sphingomyelin degradation [6]. Sultan et al.
demonstrated that hydrogen peroxide accelerated the rate of recycling of sphingosine (derived
from short-chain ceramide) for regeneration of endogenous long-chain ceramide [56]. In
addition, TNF-a, a known inducer of oxidative stress, also enhanced the generation of long-
chain ceramide through the sphingosine recycling pathway. It still remains to be determined
whether the effects are on the deacylation or re-acylation steps following TNF-a stimulation.
A number of studies have reported on the ability of TNF-a to induce the formation of ceramide
through either the SMase or the de novo pathways [2,15,75,76]. Therefore the above studies
also suggest activation of the salvage pathway, and perhaps this could encompass the activation
of acid SMase and the fumonisin B1-inhibitable accumulation of ceramide. Interestingly, TNF-
a also increases sphingosine kinase activity and the accumulation of sphingosine-1-phosphate
[77]. In light of the salvage pathway, those findings might imply that TNF-o increases free
sphingosine which could then be made available for further metabolism (ceramide and/or
sphingosine-1-phosphate).

5. Functions of the salvage pathway

Three pathways (the SMase pathway, the de novo pathway, and the salvage pathway)
individually or coordinately contribute to ceramide synthesis, leading to the generation of
ceramide signaling and subsequent modulation of downstream cell responses. Little is known
on the ceramide signaling governed by the salvage pathway, whereas the other pathways have
been better investigated. In this section, results from recent studies that begin to demonstrate
roles for the salvage pathway in cellular responses are summarized (Fig. 2).

5-1, Inactivation of the p38 MAPK and role of ceramide-activated protein phosphatases

(CAPPS)

Ceramide regulates several signal transduction pathways, and the molecular mechanisms have
been investigated extensively. Successfully, some ceramide targets have been identified,
including PKC( [52], kinase suppressor of Ras [78], cRaf [51], cathepsin D [79], and CAPPs
composed of protein phosphatase 1 (PP1) and protein phosphate 2A (PP2A) [80-82]. CAPPs
belong to the family of Ser/Thr protein phosphatases, and ceramide has been shown to activate
CAPPs leading to the dephosphorylation of various proteins including, Bax, Bcl-2, PKCa, Rb
protein, SR protein, and Akt, ultimately modulating/mediating various responses of cells [29,
83]. In PKC signaling, ceramide derived from the salvage pathway leads to attenuation/
termination of activation of the p38 MAPK through dephosphorylation. Pharmacologic and
siRNA-based studies have implicated PP1 catalytic isoforms (PP1c-a, PP1c-f, and PP1c-y) in
mediating the effects of ceramide on p38 MAPK [23]. Moreover, the PP1-dependent
dephosphorylation of p38 likely depends on LASSS5, since knock-down of LASS5 attenuated
PP1 dephosphorylation of p38 concomitant with suppressing ceramide synthesis following
stimulation with phorbol ester. Therefore, the link of the salvage pathway to PP1 appears crucial
in control of p38 dephosphorylation.

Interestingly, PP1 was found to be recruited to the mitochondrial fraction, enriched in ceramide,
following activation of the salvage pathway [23].

5-2, Inhibition of PKC-dependent trafficking by ceramide

Ongoing studies implicate ceramide deriving from the salvage pathway in feedback inhibition
of PKCa/pll [17,84]. Recent studies have shown that these two classical PKCs are sequestered
into a subset of recycling endosomes, termed the “pericentrion” which is associated with the
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Rab11-positive compartment [85,86]. The formation of the pericentrion regulates endocytosis
and results in sequestration of several recycling components (e.g. GM1 ganglioside and CD59)
[84]. This sequestration requires dual phosphorylation of PKCa/BlI1 at the carboxyl-terminal
sites (Thr638/641 and Ser657/660). Ceramide formed from the salvage pathway was shown
to induce the dephosphorylation of PKCa/Bll at Thr638/641 in a manner dependent on PP1c-
aand PP1c/-B, thus inhibiting translocation of PKCo/BI1 to the pericentrion. Accordingly, these
findings suggest that the salvage pathway-generated ceramide counteracts PKC-dependent
trafficking.

5-3, Telomerase activity and recycling of short-chain ceramide

Multiple lines of evidence have demonstrated the ability of endogenous ceramide to inhibit
telomerase activity in A549 cells [87,88]. Moreover, exogenous Cg-ceramide was also shown
to inhibit telomerase, but interestingly, it was found that these actions are due to generation of
endogenous ceramide in a process that requires recycling of the sphingosine backbone of Cg-
ceramide through deacylation followed by reacylation to mainly C,4.9 ceramide [18].
Subsequently, Ogretmen and co-workers showed that the ceramide/sphingosine recycling
pathway is regulated by reactive oxygen species at the deacylation and/or reacylation steps
[56] . It was also shown that ceramide generated from the salvage pathway is involved in
inhibition of the binding of the c-Myc transcription factor to the promoter of hTERT (human
telomerase reverse transcriptase) and consequently, inhibition of telomerase activity.

5-4, Recycling/salvage pathways and apoptosis

Takeda et al. reported that, in HaCaT cells, the sphingosine backbone of the short-chain (Cg-
ceramide) is reacylated to form long-chain ceramide [22]. Interestingly, in these cells, treatment
with either Cg-ceramide or sphingosine induced apoptosis, which was significantly attenuated
by fumonisin B1 pretreatment, thus suggesting a crucial role for the salvage pathway in
mediating these apoptotic responses.

Moreover, in some apoptosis models, inhibition of ceramide synthases by fumonisin B1 is
known to decrease the susceptibility of cells to apoptosis following treatment with TNF-a
[75], phorbol ester [4], or ultraviolet radiation [89]. However, in those models, the contribution
of the salvage pathway, as opposed to the de novo pathway, to apoptosis remains unclear,
especially since fumonisin B1 blocks both the de novo pathway as well as the salvage pathway.

6. Sphingolipidoses

The break-down of sphingolipids for salvaging sphingosine requires their systematic
catabolism via the action of a number of enzymes in acidic compartments (late endosomes/
lysosomes) [21,41,48]. Genetic defects in several of these hydrolytic enzymes cause various
disorders with lysosomal accumulation of the substrate lipids, a group of disorders termed the
sphingolipidoses [41,90-93]. Particularly, some of the known sphingolipidoses might closely
associate with aberrant metabolisms of ceramide because of defective activities of ceramide
generating/degrading enzymes: Farber's disease, Gaucher disease, and Niemann-Pick type A
and B diseases are caused by a deficiency of acid ceramidase [94,95], glucocerebrosidase (acid-
B-glucosidase) [96-98], acid SMase [99,100], respectively. The salvage pathway is one of the
routes for controlling cellular levels of ceramide. Thus, the defects in these enzymes may lead
to dysfunction in the salvage pathway, presumably impairing cellular homeostasis mediated
by ceramide signaling. However, it remains largely hypothetical at this point.
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7. Conclusions

Three pathways contribute to the generation of ceramide, which is emerging as a key bioactive
lipid that mediates/regulates several cellular responses. Recent studies have identified the
salvage pathway as a novel pathway involved in regulating and subsequent ceramide-mediated
signaling. Interestingly, this pathway may already explain and reconcile previous results on
the relative roles of the contribution of acid SMase and the ‘de novo’ pathway. The latter has
often been implicated based on inhibition by fumonisin B1 which does not distinguish the de
novo synthesis from the salvage/recycling pathway. Clearly, at this point, many of the key
players and mechanisms of regulation of this pathway remain to be defined. It is expected,
however, that much more research will focus on the salvage pathway, and the resultant
information will continue to reveal the complexity and importance of this metabolic pathway
in cellular responses and in various disorders.
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Figure 1. Ceramide synthesis

The scheme shows metabolic pathways for ceramide synthesis composed of the
sphingomyelinase pathway, the de novo pathway, the exogenous ceramide-recycling pathway,
and the salvage pathway. Dotted lines indicate the pathway of ceramide synthesis resulting
from recycling/salvaging sphingosine.
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Figure 2. Regulation of the salvage pathway and function of ceramide signals
PKC, protein kinase C; CAPP, ceramide-activated protein phosphatase
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