
Handbook of Experimental Pharmacology 216

Erich Gulbins
Irina Petrache    Editors 

Sphingolipids 
in Disease



Handbook of Experimental Pharmacology

Volume 216

Editor-in-Chief

F.B. Hofmann, München

Editorial Board

J.E. Barrett, Philadelphia
J. Buckingham, Uxbridge
V.M. Flockerzi, Homburg
D. Ganten, Berlin
P. Geppetti, Florence
M.C. Michel, Ingelheim
P. Moore, Singapore
C.P. Page, London
W. Rosenthal, Berlin

For further volumes:
http://www.springer.com/series/164



.



Erich Gulbins • Irina Petrache

Editors

Sphingolipids
in Disease



Editors
Erich Gulbins
Department of Molecular Biology
University of Duisburg-Essen
Essen
Germany

Irina Petrache
Division of Pulmonary, Allergy,
Critical Care and Occupational Medicine
Department of Medicine
Indiana University School of Medicine
Indianapolis, IN, USA

ISSN 0171-2004 ISSN 1865-0325 (electronic)
ISBN 978-3-7091-1510-7 ISBN 978-3-7091-1511-4 (eBook)
DOI 10.1007/978-3-7091-1511-4
Springer Wien Heidelberg New York Dordrecht London

Library of Congress Control Number: 2013935589

# Springer-Verlag Wien 2013
This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part
of the material is concerned, specifically the rights of translation, reprinting, reuse of illustrations,
recitation, broadcasting, reproduction on microfilms or in any other physical way, and transmission or
information storage and retrieval, electronic adaptation, computer software, or by similar or dissimilar
methodology now known or hereafter developed. Exempted from this legal reservation are brief excerpts
in connection with reviews or scholarly analysis or material supplied specifically for the purpose of being
entered and executed on a computer system, for exclusive use by the purchaser of the work. Duplication
of this publication or parts thereof is permitted only under the provisions of the Copyright Law of the
Publisher’s location, in its current version, and permission for use must always be obtained from
Springer. Permissions for use may be obtained through RightsLink at the Copyright Clearance Center.
Violations are liable to prosecution under the respective Copyright Law.
The use of general descriptive names, registered names, trademarks, service marks, etc. in this
publication does not imply, even in the absence of a specific statement, that such names are exempt
from the relevant protective laws and regulations and therefore free for general use.
While the advice and information in this book are believed to be true and accurate at the date of
publication, neither the authors nor the editors nor the publisher can accept any legal responsibility for
any errors or omissions that may be made. The publisher makes no warranty, express or implied, with
respect to the material contained herein.

Printed on acid-free paper

Springer is part of Springer Science+Business Media (www.springer.com)



Preface

Until the late 1980s, sphingolipids were believed to represent structural components

of the plasma membrane, whose function was to provide a protective barrier to the

cell. This picture dramatically changed within the last years. Sphingolipids are now

recognized signals for fundamental cellular processes such as proliferation, sur-

vival, cell death, adhesion, migration, angiogenesis, and embryogenesis. The

explosion of knowledge regarding sphingolipids was facilitated by biochemical

studies of their signaling properties, the cloning of enzymes of the sphingolipid

metabolism, development of genetic models for determining their physiologic

roles, and the establishment of biochemical, biophysical, and optical methods for

their detection and quantitation. The next step in the evolution of sphingolipids will

be the transfer of basic insights into the biochemistry and cell biology of human

disease. The recent success of the sphingolipid drug, Fingolimod, a sphingosine

1-phosphate agonist, which rapidly became a therapy for multiple sclerosis,

exemplifies the potential of targeting sphingolipids for the treatment of human

disorders. The aim of our two volumes in this series—Sphingolipids: Basic Science
and Drug Development and Sphingolipids in Disease—is to define the state of the

art of sphingolipid biology and to present preclinical developments and early

clinical applications of this fascinating class of lipids.

Essen, Germany Erich Gulbins

Indianapolis, IN, USA Irina Petrache
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Abstract In this chapter, roles of bioactive sphingolipids, specifically sphingosine

kinase 1 (SK1) and 2 (SK2) and their product—sphingosine 1-phosphate (S1P)—will

be reviewed with respect to regulation of cancer growth, metastasis, chemother-

apeutics, and drug resistance. Sphingolipids are known to be key bioeffector

molecules that regulate cancer proliferation, angiogenesis, and cell death.

Sphingolipid molecules such as ceramide and S1P have been shown to control cancer

cell death and proliferation, respectively. Roles of S1P have been described with

respect to their intracellular and extracellular pro-survival and drug resistance
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functions mostly through S1P receptor (S1PR1-5) engagement. Identification of

novel intracellular SK/S1P targets has broadened the existing complex regulatory

roles of bioactive sphingolipids in cancer pathogenesis and therapeutics. Thus,

deciphering the biochemical and molecular regulation of SK/S1P/S1PR signaling

could permit development of novel therapeutic interventions to improve cancer

therapy and/or overcome drug resistance.

Keywords SK1 • SK2 • S1P • S1PR • Ceramide • Cancer and Drug resistance •

Anti-Cancer therapeutics

1 Introduction

Sphingolipids are structural and functional components of biological membranes

(Ogretmen and Hannun 2004; Ponnusamy et al. 2010), which contribute to mainte-

nance of membrane fluidity and subdomain structure. They are also implicated in

bioeffector roles in cancer pathogenesis (Hannun and Obeid 2008; Ogretmen and

Hannun 2004). Bioactive sphingolipids such as ceramide, sphingosine, and S1P are

important in cell death pathways (apoptosis, necrosis, autophagy, anoikis), cancer

proliferation, migration, inflammation, and drug resistance (Hannun and Obeid

2008; Ogretmen and Hannun 2004; Ponnusamy et al. 2010; Saddoughi et al.

2008). This chapter will focus on the roles of SK/S1P/S1PR signaling in cancer

cell growth, therapeutics, drug resistance, and metastasis.

2 Sphingolipid Metabolism

The de novo sphingolipid synthesis pathway (Fig. 1) begins with the condensation

of serine and palmitoyl-coA catalyzed by serine palmitoyl transferase (SPT)

(Dolgachev et al. 2004; Reynolds et al. 2004) leading to 3-ketosphinganine genera-

tion, which is rapidly reduced to dihydrosphingosine. Dihydrosphingosine is then

N-acylated by a family of six dihydroceramide synthases (CerS1-6, also known as

longevity associated gene, LAG, homologues, LASS1-6), which show preference

for varying fatty acyl chain length specificity to synthesize dihydroceramide

(Futerman and Hannun 2004). Then, a double bond is introduced between carbons

4 and 5 of the sphingosine backbone to generate ceramide (Kraveka et al. 2007;

Michel et al. 1997). Ceramide is at the center of the sphingolipid metabolism,

displaying mainly antiproliferative and pro-apoptotic roles (Ogretmen and Hannun

2004; Ponnusamy et al. 2010). Ceramide can be deacylated by ceramidases to

generate sphingosine, which is rapidly phosphorylated by SK1 and SK2 to generate

S1P, a pleiotropic lipid elucidating pro-survival, anti-apoptotic, metastatic, and/or

chemoresistance functions in various cancers (Spiegel and Milstien 2003). S1P can

be dephosphorylated by two S1P phosphatases (S1PP1 and S1PP2) in a reversible

reaction to generate sphingosine (Mandala 2001; Mao et al. 1999; Spiegel and

Milstien 2003), or S1P can be irreversibly cleaved by S1P lyase to form ethanol-

amine-1-phosphate and hexadecenal (Ikeda et al. 2004). Recently, S1P and

4 S.P. Selvam and B. Ogretmen



hexadecenal have been shown to promote MOMP (mitochondrial outer membrane

permeabilization). Interestingly, S1P and hexadecenal have been shown to cooper-

ate with BAK and BAX, respectively, to regulate MOMP and cellular responses to

apoptosis (Chipuk et al. 2012).

3 Ceramide/S1P Rheostat in Cancer

The fate of a cell is determined by the balance between ceramide and S1P signaling

(not necessarily a quantitative ratio for the amount of lipids, but a biological/

metabolic balance between these two signaling arms of sphingolipids with

Glycosphingolipids

Glucosyl Ceramide

Galactosylceramide

GCS

Sulphatide

CerS

S1PP

S1P

Ethanolamine-1-Phosphate
+ Hexadecenal

S1P Lyase

Sphingosine Kinase 1/2

CK

Ceramide-1-Phosphate

SMase

SMS
Sphingomyelin

C1PP

HO
OH

OH

OH

NH

O

H

OH

O

O

NH2

Ceramide

Desaturase

dihydroceramide

Sphingosine

Serine + Palmitoyl CoA

SPT

3-Ketosphinganine

Sphinganine

Dihydro CerS

Ceramidase

Fatty acyl CoA

CRS

Fig. 1 De novo sphingolipid synthetic pathway. The initial step is the condensation of serine and

palmitoyl-coA by serine palmitoyl transferase (SPT) followed by the action of ceramide synthases

(CerS) and desaturase (DES) to generate ceramide. Ceramide is also generated by the degradation

of sphingomyelin (SM) by sphingomyelinase (SMase) or by the action of cerebrosidase (CRS) on

glycosphingolipids also by the action of ceramide 1-phosphate phosphatase (C1PP). Ceramide is

further metabolized by ceramidase (CDase) to yield sphingosine, which is used as a substrate by

SK1 and SK2 to generate S1P. S1P can be dephosphorylated by S1P phosphatases (S1PP) to

generate sphingosine, or it can be irreversibly cleaved by S1P lyase into ethanolamine 1-phosphate

and C18 fatty aldehyde (hexadecenal). Ceramide is further metabolized to generate complex

glucosyl and galactosyl-ceramide or glycolipids. Ceramide can be acted upon by sphingomyelin

synthase to generate sphingomyelin or by ceramide kinase to generate ceramide 1-phosphate

(C1P). C1P ceramide 1-phosphate, C1PP ceramide 1-phosphate phosphatase, CDase ceramidase,

CerS ceramide synthase, CRS cerebrosidase, DES desaturase, GCS glucosyl ceramide synthase,

S1P sphingosine 1-phosphate, S1PP S1P phosphatase, SK1 sphingosine kinase 1, SK2 sphingosine
kinase 2, SM sphingomyelin, SMase sphingomyelinase, SPT serine palmitoyl transferase
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opposing functions), which is often referred to as the ceramide/S1P rheostat

(Fig. 2). There exists a dynamic balance between ceramide and S1P signaling,

and when a shift towards ceramide is achieved by stress signaling such as radiation,

heat, and chemotherapy treatment, this drives cells to undergo cell death and

antiproliferation (Hannun and Obeid 2008). On the other hand, when the balance

shifts towards S1P accumulation, cells exert pro-survival, anti-apoptosis, and/or

chemoresistance (Ponnusamy et al. 2010). Increases in endogenous ceramide by

chemotherapeutic agents, TNF-α, CD95, hypoxia, DNA damage, and heat stress

can activate cell death pathways. Also, increases in ceramide via inhibiting cer-

amide metabolism or overexpressing CerS lead to cell death, in general. Moreover,

overexpression of bacterial SMase, which generates ceramide by degradation of

sphingomyelin, was shown to induce apoptosis (Meyers-Needham et al. 2012a). In

contrast, inhibition of de novo ceramide generation by fumonisin B1 blocks

ceramide-mediated cell death by chemotherapeutic drugs.

Ceramide has various established intracellular targets such as PP1, PP2A,

I2PP2A, cathepsin D, and protein kinase Cζ, which mediate its apoptotic/cell

death functions (Fox et al. 2007; Heinrich et al. 2000; Ogretmen and Hannun

2004; Wang et al. 2005). Our laboratory identified telomerase to be a nuclear target

of ceramide (exogenous C6-ceramide or C18-ceramide generated by CerS1) which

decreased c-Myc-mediated activation of hTERT promoter in lung cancer cells

(Ogretmen et al. 2001). In fact, ceramide deacetylates Sp3 transcription factor

Fig. 2 Ceramide-S1P rheostat in cancer and therapy. There exists a balance or rheostat in

ceramide to S1P signaling in cancer. A shift towards ceramide accumulation leads to pro-

apoptotic, autophagic, ER stress response, and anti-survival effects, whereas a dynamic shift

towards S1P accumulation leads to pro-survival, anti-apoptotic, metastatic, and drug-resistant

phenotypes. Potential therapeutic approaches will be to increase ceramide and decrease S1P in

cancer cells by chemotherapy, radiation, monoclonal antibody, and other molecular approaches.

ER endoplasmic reticulum, S1P sphingosine 1-phosphate

6 S.P. Selvam and B. Ogretmen



and deacetylated Sp3 recruits HDAC1 to the hTERT promoter, thereby decreasing

hTERT expression/activity (Wooten-Blanks et al. 2007; Wooten and Ogretmen

2005). We also showed that ceramide binds I2PP2A and relieves PP2A-mediated

tumor suppression functions in A549 lung cancer cells. Ceramide mediates the

degradation of c-Myc by PP2A activation via prevention of I2PP2A-dependent

inhibition of PP2A (Mukhopadhyay et al. 2009).

Recently, ceramides with different fatty acid chain lengths were suggested to

have distinct functions. For example, in head and neck cancer cells, CerS1-

generated C18-ceramide suppressed tumor growth, whereas CerS6-generated C16-

ceramide increased tumor growth/proliferation (Senkal et al. 2011). These distinct

and unexpected functions of endogenous ceramides might be due to their down-

stream targets regulated via ceramide/protein interactions and/or their subcellular

localization at distinct biological membranes or membrane microdomains.

Although mechanisms that regulate CerS expression and function are largely

unknown for de novo ceramide generation, new insights about the modulation of

CerS expression suggested that epigenetic and posttranscriptional control by con-

certed functions of HDAC1 and microRNA-574-5-mediated targeting of CerS1

mRNA is involved in its repression in HNSCC (Meyers-Needham et al. 2012b). In

addition, dimerization of CerS proteins has been shown to regulate their function

for the generation of ceramide (Laviad et al. 2012).

In contrast to ceramide, S1P plays a pro-survival function. Sphingosine kinases

and S1P-phosphatases/lyase are important players in the regulation of S1P genera-

tion/metabolism. SiRNA-mediated knockdown of SK1 inhibits cell proliferation

and increases ceramide/S1P rheostat in pancreatic, prostate, and leukemia cancer

cells (Akao et al. 2006; Baran et al. 2007; Guillermet-Guibert et al. 2009; Pchejetski

et al. 2005). In contrast, overexpression of SK1 leads to increased cell proliferation

by inducing G1/S phase transition and DNA synthesis (Olivera et al. 1999). Exoge-

nous S1P addition was found to significantly inhibit apoptosis via increased Bcl-2

(Sauer et al. 2005) and Mcl-1 expression (Li et al. 2008) or decreased BAD and

BAX expression (Avery et al. 2008). In particular, exogenous S1P prevents

BAD/BAX translocation to mitochondria, thereby inhibiting the intrinsic cell death

(mitochondrial) pathway (Betito and Cuvillier 2006). Also, SK1 overexpression has

been shown to inhibit cytochrome c release and caspase-3 activation by the regulation

of BCL-XL, MCL1, and BIM in chronic myelogenous leukemia (CML) cells

(Bonhoure et al. 2008).

Moreover, important in vivo findings indicate the involvement of S1P in cancer

progression. For example, breast and prostate cancer cells that overexpressed SK1

formed tumors in mice, and ceramide/S1P was altered in these tumors (Nava et al.

2002; Pchejetski et al. 2005), which were resistant to doxorubicin and had increased

neovascularization and decreased ceramide/S1P (Nava et al. 2002; Pchejetski et al.

2005). Interestingly, CML and leukemia cells, which are sensitive to imatinib and

daunorubicin, respectively, had higher ceramide/S1P compared to resistant cells.

Furthermore, increased SK1/S1P in response to camptothecin treatment in prostate

cancer cells suggests a role for S1P signaling in chemoresistance (Fig. 3).

Sphingosine Kinase/Sphingosine 1-Phosphate Signaling in Cancer Therapeutics. . . 7



4 S1P Signaling

S1P generated by SK1 has been shown to be secreted and engaged with S1P

receptors (S1PR1–5) to elicit various downstream responses involved in inflamma-

tion, cell migration, angiogenesis, and/or lymphocyte trafficking (Spiegel and

Milstien 2003; Strub et al. 2010). S1PR1 is important in vascular maturation,

immune cell trafficking, endothelial barrier function, and angiogenesis as displayed

in S1PR1-null mice. Also the S1P–S1PR1 interaction reveals receptor tyrosine

kinase (RTK) activation such as EGF- and PDGF-mediated pathways that dictate

cellular growth and migration. Importantly, ATP-dependent ABC transport

Cell cycle
arrest ??

SK1

Agonist

SK1

S1P

S1P

??

S1PR
1-5

Sph

P

S1P

Gi Gq

Survival
Motility
Migration
Proliferation
Anti-apoptosis

Mitochondria

SK2

SK2

PHB
2S1P

S1P
Sph

H3

Nucleus

HDAC
1/2

G12/13

TRAF 2

NF-kB

Survival
??

Survival
??

C-Fos
p21

Fig. 3 SK1/S1P signaling and intracellular targets of S1P. SK/S1P signaling pathway involves

the activation of SK1 by agonist-mediated receptor action. The activated SK1 translocates to the

inner leaflet of the plasma membrane to utilize the substrate sphingosine to generate S1P. The S1P

generated inside the cells are transported outside the cell by S1P transporters and furthermore

engage in an autocrine or paracrine fashion to five G protein-coupled receptors specific for S1P

(S1PR1–5) to induce an array of downstream mechanisms involved in cell motility, survival,

migration, and/or proliferation. S1P generated by SK1 has been reported to play intracellular

function by binding with TRAF2 protein to regulate NF-κB function. S1P generated by SK2 has

been shown to interact with HDAC1/2 in the nucleus to regulate transcription of p21 and c-Fos

genes. Moreover, SK2-generated S1P also binds to prohibitin 2 (PHB2), mitochondrial protein

which in turn regulates cytochrome c oxidase (Cox-2) in respiration complex assembly and

function. HDAC histone deacetylase, NF-κB nuclear factor kappa light chain enhance of activated

B cells, PHB2 prohibitin 2; TRAF2 TNF receptor associated factor 2
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proteins such as ABCC1, ABCA1, and ABCG2 are involved in S1P transport

(Mitra et al. 2006; Sato et al. 2007; Takabe et al. 2010). Also, ABCC1 is involved

in S1P export from mast cells independent of degranulation (Mitra et al. 2006).

Recently, TOH/SPNS2 (two of hearts protein) has been identified as an S1P

transporter in zebra fish, and interestingly TOH/SPNS2 acts upstream of MIL, an

orthologue of S1PR2 involved in heart development (Kawahara et al. 2009;

Osborne et al. 2008). SPNS2 was shown to be important for the transport of

phosphorylated form of FTY-720, an immunomodulatory drug used for lymphocyte

egress in multiple sclerosis. Importantly SPNS2-null mice had increased accumu-

lation of mature T cells and a decreased T cell population in blood and secondary

lymphoid organs (Fukuhara et al. 2012; Hisano et al. 2011). Thus, S1P-mediated

signaling (Fig. 3) is important in various cellular processes, and how this mecha-

nism is dysregulated in cancer needs further investigation. Recently, the structure of

ligand-bound S1PR1 was solved, and data suggest that S1P might engage with the

receptor within the plasma membrane (Hanson et al. 2012), indicating that lateral

movements of S1P within the membrane or ligand swapping between S1PR1 and

other receptors might be involved in this process.

5 Roles of SK in Cancer Pathogenesis

Sphingosine kinases (SK1 and SK2) are novel lipid kinases, which are evolution-

arily conserved as diverse as in humans, mice, yeast, and plants. SK1 and SK2 are

encoded by SPHK1 and SPHK2 genes in humans (Pitson 2011; Strub et al. 2010).

SphK1 and SphK2 belong to the diacylglycerol kinase family and have five

conserved domains C1–C5 (Spiegel and Milstien 2003). The unique catalytic

domain is present between domains C1 and C3. SphK1 and SphK2 differ by the

presence of a TM (transmembrane domain) present only in SphK2 and not in

SphK1. Both SK1 and SK2 enzymes show substrate specificity towards D-e-

sphingosine and D-e-dihydrosphingosine. Interestingly, SK1 and SK2 show differ-

ent tissue distribution with SK1 expression higher in lung and spleen, whereas SK2

levels were found to be higher in the liver and the heart. SK1 is predominantly

cytosolic in nature, whereas SK2 has been shown to localize both in the cytoplasm

and nucleus (Kohama et al. 1998; Liu et al. 2000, 2002; Pitson 2011). Moreover,

SK1 expression was detected at embryonic day 7 (E7) of mice and SK2 at E11

indicating the distinct functions of both of these isoenzymes. The functions of SK1

and SK2 seem redundant during development; SK1 and SK2 null mice survive,

whereas the SK double knockout is embryonically lethal (Mizugishi et al. 2005;

Pitson 2011; Spiegel and Milstien 2003).

5.1 SK1 and Cancer

SK1 has well-established pro-survival functions in various cancers. Indeed, by

virtue of its transformation potential, SK1 is considered to be a bona fide oncogene

Sphingosine Kinase/Sphingosine 1-Phosphate Signaling in Cancer Therapeutics. . . 9



(Vadas et al. 2008). Upon transfection with SK1, untransformed NIH3T3 cells

undergo transformation with the ability to form colonies in soft agar and tumors in

nude mice (Xia et al. 2000). Activation of SK1 by agonists of GPCRs, protein

kinases, proinflammatory cytokines, and small GTPases leads to its translocation to

plasma membrane where it catalyzes the conversion of sphingosine to S1P. Impor-

tantly, phosphorylation of SK1 at Ser 225 by ERK1 and ERK2 is important for its

activation and translocation to the plasma membrane (Pitson et al. 2003). This

finding was further confirmed by S225A mutant of SK1 that lacks the phosphoryla-

tion site (Pitson et al. 2005). When SK1 S225A mutant was targeted to the plasma

membrane by tagging with a myristoyl or palmitoyl moiety, the cells became

transformed, via targeting to plasma membrane (Pitson et al. 2005). The membrane

affinity and plasma membrane selectivity are determined by Thr54 and Asn89

residues of human SK1, wherein these residues interact specifically with phospha-

tidyl serine in the plasma membrane, thus making sphingosine available to generate

S1P, which can be secreted outside the cell and engage with S1PRs to induce pro-

survival functions (Stahelin et al. 2005). Interestingly, SK1 expression was found

also to be important for Ras-mediated transformation. In cancers, such as breast,

lung, ovary, stomach, and kidney, SK1 mRNA increased approximately twofold

compared to paired normal tissues (French et al. 2003; Johnson et al. 2005;

Kawamori et al. 2006). Also immunohistochemical studies with lung, colon, and

breast cancer tissues were positive for SK1 expression in tumor tissues and/or

carcinoma cells (Johnson et al. 2005; Kawamori et al. 2006; Kohno et al. 2006;

Ruckhaberle et al. 2008). Moreover, microarray data show elevated SK1 in squa-

mous cell carcinoma (Nindl et al. 2006), melanoma cancer (Talantov et al. 2005),

N-methyl-N-nitrosourea-induced rat breast cancer (Chan et al. 2005), recurrent

breast cancer after tamoxifen treatment (Ma et al. 2004), cervical cancer (Wong

et al. 2003), head and neck cancer, and leukemia (Andersson et al. 2007; Ginos

et al. 2004; Pyeon et al. 2007). Interestingly, siRNA-mediated downregulation

of SK1 showed decreased migration of EGF, prolactin, and E2-induced migration

of MCF-7 breast cancer cells (Doll et al. 2007; Sarkar et al. 2005), whereas

downregulation of both SK1 and SK2 inhibited migration of MDA-MB-453 cells

(Hait et al. 2005), indicating a possible redundancy/overlap in functions between

these isoenzymes in cancer cell migration.

Novel intracellular targets of SK1 have been recently established: SK1-generated

S1P has been shown to bind to TRAF2 protein, an E3 ubiquitin ligase, modulating

TNF-α-induced activation of NF-κB signaling (Alvarez et al. 2010). SK1 has been

shown to bind TRAF2 to induce K63-mediated polyubiquitination of RIP1 leading

to IκB degradation and subsequent stimulation of the NF-κB pathway (Fig. 3). These

findings suggest SK1/S1P to be important driver of cancer progression.

Remarkably, a recent finding from our laboratory suggests that serum S1P

generated by SK1, and not tumor S1P, was important for tumor metastasis to the

lungs (Fig. 4). In this study, genetic ablation of systemic SK1 leads to increased

breast cancer metastasis suppressor 1 (Brms1) expression via alterations of S1PR2

signaling in tumor cells, leading to suppression of metastasis. Furthermore, treat-

ment with anti-S1P monoclonal antibody (Sphingomab) decreased lung metastasis
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in this model by neutralizing circulating/systemic S1P, inducing cancer Brms1

expression, and thus further proving the importance of SK1-generated systemic

S1P in regulating tumor metastasis (Ponnusamy et al., 2012). Recently, the role of

SK1 in the regulation of tumor metastasis has been also shown in a breast cancer

model (Nagahashi et al. 2012). These data suggest that inhibition of systemic

SK1/S1P and/or cancer S1PR2 signaling might inhibit tumor metastasis.

5.2 SK2 and Cancer

SK2 has been shown to predominantly localize to the nucleus, although cytoplas-

mic and ER localizations were also reported (Igarashi et al. 2003; Maceyka et al.

2005). SK2 localizes to the nucleoplasm and causes cell cycle arrest. Importantly,

SK2 retains a nuclear export signal, and activation with phorbol myristate acetate

(PMA) leads to protein kinase D-mediated phosphorylation and export from the

nucleus. SK2, unlike SK1, possesses a BH-3 domain in its sequence that sequesters

Fig. 4 Role of systemic SK1/S1P in the modulation of S1PR2/Brms1 expression in lung tumor
metastasis. S1P generated in response to cancer cell exposure to bloodstream elevates systemic

S1P levels thereby leading to the induction of S1PR2 expression and further leading to the

suppression of Brms1, a master metastatic suppressor gene in cancer cells, inducing their meta-

static potential. Use of pharmacologic inhibitors or antibody-based therapeutic tools (Sphingomab,

Lpath Inc.) effectively modulates serum S1P via inhibition of cancer cell S1PR2 signaling to

elevate tumor Brms1 levels and to suppress lung metastasis. Brms1 breast cancer metastasis

suppressor 1, SK1 sphingosine kinase 1, S1P sphingosine 1 phosphate, S1PR2 S1P receptor 2
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Bcl-XL to diminish its anti-apoptotic functions (Liu et al. 2003). Interestingly,

when SK2 is overexpressed, it induces apoptosis, cell cycle arrest, and/or caspase-3

activation (Liu et al. 2003). In contrast to the apoptotic roles, SK2 also displays

anti-apoptotic functions. Knockdown of SK2 in HCT116 colon cancer cells and

MCF7 breast cancer cells prevents doxorubicin-induced p21 expression and G2/M

cell cycle arrest in a p53 independent manner (Sankala et al. 2007). SK2 knock-

down decreased glioblastoma cell proliferation, whereas SK1 knockdown did not

have any effects (Van Brocklyn et al. 2005). EGF activates SK2 at Ser351 and

Thr578 (Hait et al. 2007) residues leading to EGF-mediated migration of MDA-

MB-453 breast cancer cells. These studies elucidate SK2’s anti-apoptotic and pro-

proliferative effects.

Most importantly, the first identified intracellular function of S1P generated by

SK2 was in the nucleus to inhibit HDAC1/2 enzymatic activity thereby preventing

deacetylation of histone H3 (Hait et al. 2009). The SK2/HDAC repressor complex

was found to be associated with promoter regions of P21 (CDKN1) and c-Fos genes

thereby modulating their expression. Interestingly, another intracellular target of S1P

has been identified as prohibitin 2 (PHB2), a protein regulating mitochondrial

function (Strub et al. 2011). S1P generated by SK2 binds prohibitin 2 and not

prohibitin 1 to regulate cytochrome c oxidase complex IV in mitochondrial respira-

tion and function. Also, mitochondria isolated from SK2 knockout mice showed

decreased association of PHB2 and cytochrome c oxidase (Strub et al. 2011) (Fig. 3).

Collectively, SK1- and SK2-generated S1P have distinct roles in the context of

their subcellular localization and function. Also, SK1 and SK2 might also have

overlapping functions in different cancer models for inducing pro-survival and anti-

apoptosis, possibly via distinct mechanisms of action at different subcellular

compartments.

6 Role of S1P in Autophagy

Autophagy is a cellular process to degrade long-lived proteins and organelles

through lysosomes. The autophagic process can be protective or lethal; the protec-

tive autophagy pathway directs degradation of damaged organelles and recycling of

amino acid to overcome nutrient deprivation, whereas lethal autophagy leads to

caspase independent cell death involving Atg proteins (Kondo and Kondo 2006;

Levine and Kroemer 2008). Use of SK2 inhibitor ABC294640 induces autophagic

cell death in A498 cells (Beljanski et al. 2010). Mechanistically, Beljanski and

colleagues reported that increased ceramide and sphingosine in response to

ABC294640 treatment resulted in autophagy in vivo. Moreover, protective

autophagy was activated in response to SK1 upregulation by lack of beclin 1 and

mTOR inhibition (Lavieu et al. 2006). Recently, it was shown that S1P metabolism

plays an important role in switching from protective autophagy to apoptosis

through the involvement of SPP1 (S1P phosphohydrolase). It was found that

doxorubicin-mediated autophagy was greatly decreased by SPP1 ablation with a

concomitant increase in apoptosis by ceramide accumulation via de novo synthesis.
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Ceramide then activates calpain to cleave Atg5 in SPP1-depleted cells to shift from

protective autophagy to apoptosis (Lepine et al. 2011).

7 SK1/S1P Signaling in Drug Resistance

SK/S1P protects cancer cells from drug-induced cell death; therefore, levels of

bioactive sphingolipids have been shown to modulate drug resistance. For example,

PC3 prostate cancer cells, which are androgen insensitive, are resistant to

camptothecin treatment by upregulation of SK1 and S1P1/S1P3 signaling, and

these cells became sensitive upon inhibition of SK and S1P formation (Bektas

et al. 2005). Radiation-resistant prostate cancer cell line LNCaP showed sensitivity

upon coadministration of TNF-α and γ-irradiation to increase the generation of

sphingosine and decreased S1P formation (Nava et al. 2000). Moreover, treatment

of LNCaP cells with SK inhibitor (N,N-dimethyl sphingosine) sensitized them to

radiation-induced apoptosis. In addition, SK1 induced resistance of melanoma cells

to ceramide and Fas-induced cell death. The role of SK1/S1P in breast cancer

progression was also reported to be important. A microarray study conducted with

1,269 breast cancer tumor samples showed a significant increase in SK1 gene

expression and showed a strong correlation between SK1 expression and poor

prognosis (Ruckhaberle et al. 2008). Additionally SK1 expression was responsible

for resistance to tamoxifen-induced cell death in MCF7 cells. Tamoxifen-resistant

MCF7 cells showed elevated SK1 levels and inhibition of SK1 by DMS/SKI-II

restored sensitivity of the cells to tamoxifen-induced apoptosis (Sukocheva et al.

2009). In erythroleukemia progression, overexpression of SK1 in non tumorigenic

proerythroblasts showed increased tumorigenicity and resistance to cell death. Of

note, a microarray-based transcriptome profile showed transcriptional upregulation

of SK1 in tumorigenic proerythroblasts. These data suggest SK1 expression to be

important in erythroleukemic progression (Le Scolan et al. 2005). Moreover, SK1 is

overexpressed in glioblastoma multiforme (GBM) and targeted inhibition of SK1

with an isoform-specific drug; SK1-I significantly decreased tumor proliferation

and markedly suppressed pro-survival AKT and its downstream targets (p70S6K

and GSK3-α) (Kapitonov et al. 2009; Knapp et al. 2010). SK1-I not only inhibited

S1P generation but also increased ceramide to induce apoptosis (Kapitonov et al.

2009). In endometrial cancer, compared with healthy endometrial tissues, the

cancer tissues had increased SK1 activity (2.6-fold) and elevated S1P (1.6-fold)

in serum, indicating a significant change in sphingolipid metabolism in driving

cancer progression (Knapp et al. 2010).

In CML, ceramide/S1P rheostat plays a crucial role in conferring drug resis-

tance. K562 CML cells generate endogenous C18-ceramide in response to imatinib

treatment, and interestingly K562 cells which show resistance to imatinib treatment

have increased SK1 expression. Importantly, siRNA-mediated knockdown of SK1

sensitized K562-imatinib-resistant cells to apoptosis. These studies showed that

overexpression of SK1 induces drug resistance in CML cells by altering the

ceramide/S1P rheostat towards S1P accumulation (Baran et al. 2007). Recently,
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we have shown that SK1/S1P and S1PR2 signaling is important for Bcr-Abl1

stability in CML (chronic myeloid leukemia), leading to imatinib resistance. This

study showed that SK1/S1P/S1PR2 prevents Bcr-Abl1 dephosphorylation and

subsequent degradation by inhibiting PP2A. Inhibition of SK1/S1P/S1PR2 signal-

ing either by pharmacological or molecular approaches restored PP2A-mediated

dephosphorylation of Bcr-Abl1 and also enhanced imatinib or nilotinib (drugs used

against CML) mediated growth inhibition. Furthermore, allograft tumors derived

from 32D cells expressing either wild-type or mutant Bcr-Abl1 genes were more

sensitive to nilotinib upon inhibition of SK1/S1PR2 signaling (Fig. 5). These

findings suggest that inhibition of SK1/S1P/S1PR2 signaling overcomes drug

resistance in CML (Salas et al. 2011). In a separate study, LAMA84 cells which

Fig. 5 Role of SK1/S1P/S1PR-mediated drug resistance in chronic myelogenous leukemia
(CML). SK1/S1P-mediated drug resistance in CML is mediated by S1PR2-mediated PP2A

modulation which abolishes proteasomal degradation of Bcr-Abl1 by enhancing its stability,

resulting in drug resistance. Pharmacologic inhibitor (SKI-II) or use of molecular approaches

(RNAi) by inhibiting SK1 can lead to PP2A-mediated dephosphorylation and degradation of Bcr-

Abl1, thereby overcoming drug resistance. CML chronic myelogenous leukemia, PP2A protein

phosphatase 2A, SK1 sphingosine kinase 1, S1P sphingosine 1-phosphate, S1PR2 S1P2 receptor 2,
SHP1 src homology region 2 domain containing phosphatase 1
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are resistant to imatinib treatment became sensitized when SK1 is inhibited by

F-12509a, a SK1 inhibitor, leading to apoptotic cell death (Bonhoure et al. 2008).

8 SK2 and Drug Resistance

Although SK1/S1P signaling has been well established in drug resistance, only

recently SK2/S1P has been shown to confer chemoresistance in cancers. Targeted

inhibition of SK2 by molecular/pharmacological agents sensitized cancer cells to

chemotherapy. Recently, Antoon’s laboratory reported that the SK2 inhibitor

ABC294640 decreased estrogen receptor (ER)-positive breast cancer tumor growth

by 68.4 % compared to vehicle-treated tumors. Mechanistically, SK2 inhibition

decreased estrogen-mediated transcription of ER-regulated genes such as SDF1 and

the progesterone receptor (Antoon et al. 2010). Subsequently, inhibition of SK2 by

ABC294640 at submicromolar concentration was shown to block proliferation of

endocrine therapy-resistant MDA-MB-231 and chemoresistant MCF-7TN-R cells

(Antoon et al. 2011). Also ABC294640 diminished NF-κB pro-survival signaling

by decreasing activation of Ser536 phosphorylation of the p65 subunit (Antoon

et al. 2011). Moreover, ABC294640, which is orally bioavailable, resulted in

growth inhibition of xenograft-derived tumors of MCF-7TN-R cells at 50 mg/kg

in SCID mice.

Schnitzer et al. (2009) elucidated the role of SK2-mediated chemoresistance in

A549 lung cancer cells. In this study, it was demonstrated that hypoxia induces SK2

protein/activity leading to S1P secretion via S1PR1/S1PR3 signaling to activate

P42/44 MAPK signaling and confer resistance to etoposide-induced apoptosis

(Schnitzer et al. 2009). Recently, Xiao et al. (2012) showed that SK2 confers

resistance to sodium butyrate-induced apoptosis in HCT116 colon cancer cells. In

fact, sodium butyrate treatment induced the phosphorylation of SK2 by PKD

leading to nuclear export, leading to chemoresistance (Xiao et al. 2012).

9 S1P/S1PR2 Signaling in Cancer and Drug Resistance

S1P exerts its signaling function in an autocrine or paracrine manner through

five G protein-coupled receptors, termed S1PR1–5 (formerly referred as the EDG

family of receptors). These receptors involve heterotrimeric G proteins such as

Gi, Gq, and G12/13 to elicit various cellular functions. Importantly, roles of S1P

receptors in modulating cancer growth have been studied (Spiegel and Milstien

2003). For instance, S1PR2 has been shown to be important for retinal angiogen-

esis. When a neonatal mouse was subjected to ischemia-driven retinopathy, the

neovascularization event was downregulated in S1P2-null mice compared to wild-

type mice. Moreover, the retina of the S1P2-null mouse had significantly reduced

proinflammatory Cox-2 mRNA and increased eNOS expression. These findings
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indicate the involvement of S1PR2 in retinal angiogenesis and prompt the use of

receptor antagonists to counteract ocular neovascularization. Additionally, S1P2

plays an important role in Wilm’s tumor, a malignant renal cancer condition.

In Wilm’s tumor, S1PR2 mRNA was higher in ten cancer specimens compared

to noncancerous tissues (Li et al. 2009). Additionally S1PR2 overexpression

was shown to induce Cox-2 mRNA and increased prostaglandin E2 synthesis.

SiRNA-mediated knockdown or pharmacological inhibition of S1PR2 in WiT49

cells decreased Cox-2 mRNA proving an important role of S1PR2 signaling in

driving renal cancer progression (Li et al. 2009). In another study, the migration of

WiT49 Wilm’s tumor cells was attributed to S1PR1 signaling wherein S1PR1/Gi

coupling was shown to induce a promigratory phenotype which depended upon

the ratio of S1PR1/S1PR2 and further identified PI3K and Rac1 as downstream

regulators of cell motility. S1PR2 was also shown important in esophageal cancer

motility and migration, in which TGFβ enhanced S1P-mediated activation of

ERK1/2 through S1PR2 through non-Smad signaling (Miller et al. 2008).

In a separate study using a cohort of 304 ER-positive, tamoxifen-treated breast

cancer samples, increased SK1 and S1P1 and S1P3 receptor expression was

observed. Interestingly cytoplasmic expression of S1P1 and S1P3 was found to

be associated with reduced disease-specific survival in patients with ER positive

breast cancer (Watson et al. 2010). SK1 also confers resistance towards synthetic

retinoid N-(4-hydroxyphenyl) retinamide in A2780 ovarian cancer cells; the HPR-

resistant cells express more SK1 both at the mRNA and the protein level and

became sensitized when treated with SK inhibitor (Illuzzi et al. 2010). Recently,

SK1 has been shown to protect androgen-independent LNCaP prostate cancer cells;

it does so by increasing S1P signaling through S1P2/3 receptors, and the resistance

was attenuated by treating with FTY-720, a sphingosine analog that inhibits S1PR

signaling (except S1PR2), by inducing proteasome-mediated degradation of SK1

(Tonelli et al. 2010).

These findings suggest that the SK/S1P/S1PR signaling pathway is crucial in

sphingolipid-mediated drug resistance in various cancers, and hence targeting this

pathway would be an effective anticancer therapeutic strategy to overcome drug

resistance.

10 SK/S1P-Mediated Anticancer Therapeutics

Targeting S1P produced by SK1 and SK2 can sensitize cancer cells to therapeutic

intervention. Also targeting SK/S1P is attractive because indirect generation of

ceramide and sphingosine can have antiproliferative and pro-apoptotic functions.

An array of sphingolipid and non-sphingolipid agents has been developed to target

SK/S1P and/or S1P receptors (Table 1).

Pan Sphingosine Kinase Inhibitors. N,N-dimethyl sphingosine (DMS), a pan SK

inhibitor, was shown to be effective against a panel of cancer cell lines and exhibited

antitumor growth properties in nude mice. Also, L-threo dihydrosphingosine

16 S.P. Selvam and B. Ogretmen



(Safingol) inhibits SK and is currently in phase I clinical trials (Schwartz et al. 1997).

Both DMS and Safingol inhibit SK competitively and displayed inhibitory effects

towards ceramide kinase and PKC and activate sphingosine-mediated targets such

as PI3K and casein kinase 2 (Igarashi et al. 1989; Kedderis et al. 1995; King et al.

2000; McDonald et al. 1991; Megidish et al. 1998; Sugiura et al. 2002). Some of the

reported off-target effects of DMS include hemolysis and hepatotoxicity (Kedderis

et al. 1995). Interestingly, phenoxodiol, a synthetic analog of plant isoflavone

genistein, exhibits anticancer and antiangiogenenic functions by inhibiting SK.

Phenoxodiol exerts its anticancer function by inhibiting endothelial cell function

both in vitro and in an in vivo model of angiogenesis, and currently phenoxodiol is in

clinical trials against ovarian and prostate cancers (De Luca et al. 2005; Gamble

et al. 2006). French et al. (2003) have demonstrated the use of non-lipid selective

inhibitors of SK and showed inhibition against a panel of cancer cell lines, with

greater selectivity to SK than other protein kinases; additionally these SK inhibitors

were noncompetitive and displayed antiproliferative functions (French et al. 2003).

Furthermore, French et al. (2006) showed SKI-II (4-[4-(4-chloro-phenyl)-thiazol-2-

ylamino]-phenol), a noncompetitive inhibitor at nanomolar to submicromolar con-

centration in vitro, and displayed excellent oral bioavailability with antitumor

functions in vivo (French et al. 2006). Additionally, other compounds such as

F12509a, a sesquiterpene quinone-based competitive inhibitor of SK, and B5354c,

a noncompetitive inhibitor isolated from a marine bacterium, were found to inhibit

SK in some cancers, but their efficacy and specificity are still under investigation

(Kono et al. 2000a, b, 2002).

SK1 Selective Inhibitors. SK1-I (2R, 3S, 4E)-N-methyl-5-(40-pentylphenyl)-2-
aminopent-4-ene-1, 3-diol is a SK1 selective inhibitor and has shown efficacy

against orthotopic as well as xenograft glioblastoma or AML xenograft tumors

(Kapitonov et al. 2009; Paugh et al. 2008). Recently, Nagahashi et al. (2012)

demonstrated decreased breast cancer progression in an 4T1-Luc orthotopic mice

and also showed decreased lymph node and lung metastasis upon SK1-I treatment.

Interestingly SK1-I decreased serum S1P levels and caused mammary tumor cells

to undergo apoptosis (Nagahashi et al. 2012). Moreover, novel SK1-specific

inhibitors such as 6ag, 9ab, and12aa were synthesized and tested in vitro, but the

Table 1 Sphingosine kinase/S1P/S1PR based anti cancer therapeutics

Compound Target Cancer type

N,N-dimethyl sphingosine (DMS) SK1, SK2 Leukemia, colon and breast

Safingol (L-threo dihydrosphingosine) SK1, SK2 Solid tumors

SKI-II SK1, SK2 Breast

Phenoxodiol SK1, SK2 Ovarian and prostate

SK1-I SK1 Glioblastoma, breast and AML

ABC294640 SK2 Breast, prostate and kidney

FTY-720 S1PR Bladder, prostate, breast and lymphoma

Anti-S1P-mAb S1P Lung, ovarian, breast and melanoma

SK1 sphingosine kinase 1, SK2 sphingosine kinase 2, S1P sphingosine 1-phosphate, S1PR S1P

receptor, AML acute myeloid leukemia
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in vivo efficacy still needs to be validated (Xiang et al. 2009). There is a need for the

development of SK1-specific small molecule inhibitors to be utilized as effective

anticancer agents.

SK2 Selective Inhibitors. ABC294640 is a novel SK2-specific inhibitor with

excellent oral bioavailability and toxicology properties. ABC294640 displays

antiproliferative effects against a variety of cancer cell lines at nanomolar up to

submicromolar concentrations. This SK2 selective compound induced autophagic

cell death in breast, prostate, and kidney xenograft tumors in vivo (Antoon et al.

2010; Beljanski et al. 2010, 2011; French et al. 2010). ABC294640 is currently in

phase I clinical trials against solid tumors. Moreover, sphingoid analogs such as

SG12 and SG14 displayed specificity towards SK2, and in particular SG14 did not

inhibit PKC (Kim et al. 2005).

S1P Receptor Selective Compounds. FTY-720, a sphingosine analog,

phosphorylated by SK2, acts through S1P receptors (S1PR1, 3, 4, 5) to cause

receptor endocytosis and rapid lymphocyte egress in multiple sclerosis (Brinkmann

et al. 2010, 2002). FTY-720 has been efficacious against refractory multiple

sclerosis and approved by FDA as an anti-MS drug (Brinkmann et al. 2010).

FTY-720 also inhibited SK1, ceramide synthase, phospolipase A2, and SGPL1,

and it was shown to activate tumor suppressor PP2A (Bandhuvula et al. 2005;

Berdyshev et al. 2009; Lahiri et al. 2009; Matsuoka et al. 2003; Neviani et al. 2007;

Payne et al. 2007; Vessey et al. 2007). FTY-720 has been reported to inhibit colon

and breast cancer cell lines in situ through S1P receptor independent effects. In

addition, phosphorylated-FTY720 (P ¼ FTY-720) was found to be important for

antiangiogenesis in an in vitro spheroid model, indicating a receptor-dependent

function, which can also be mimicked by SEW2871, a S1PR1-specific antagonist

(Nagaoka et al. 2008; Schmid et al. 2007). Further investigation is required to

delineate the receptor-dependent and receptor-independent functions of FTY-720

against cancer growth and/or proliferation. Recently, (R)-FTY-720-OMe, a stereo-

specific analog of FTY-720, showed SK2-specific inhibition and caused actin

rearrangement in MCF-7 cells (Lim et al. 2011), suggesting that this novel enantio-

mer can be used against breast cancer. Other receptor antagonists such as VPC4416,

VPC2309, VPC25239, and W146 against S1PR1/3 and S1PR1, respectively, have

shown promising results in situ (Davis et al. 2005; Sanna et al. 2006).

Antibody-Based Therapeutics. An anti-S1P-mAb that specifically targets and

neutralizes S1P has been shown to be effective against lung A549, ovarian SKOV3,

breast MDA-MB-231, and melanoma F16/B10 cancer models in situ and in vivo.

Anti-S1P-mAb functions as a molecular sponge to neutralize S1P signaling and

cause tumor regression in both xenograft and allograft models or to inhibit lung

metastasis (Ponnusamy et al. 2012). Sphingomab (LT1002) and its humanized form

(LT1009) neutralize bFGF- and VEGF-induced angiogenesis and block S1P-

induced endothelial cell tube formation and migration in numerous in vitro assays

(Visentin et al. 2006). Interestingly, LT1009 (sonepcizumab, Lpath Inc.) is cur-

rently in phase I/II clinical trials as an anticancer drug (Sabbadini 2011).
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11 Conclusion and Future Perspectives

Recent developments in sphingolipid biology, especially the discovery of the roles

of SK/S1P/S1PR2 signaling in the regulation of cell proliferation, angiogenesis,

drug resistance, and metastasis, have added to our understanding of these processes

in various cancers. Importantly emerging evidence suggests that sphingolipids have

various functions based on their subcellular localization, relative distribution in

tissues, fatty acyl chain-length specificities, and their direct downstream targets via

lipid-protein binding. Importantly, chain length-specific ceramides were found to

be altered in cancers; thus—from a therapeutic perspective—reconstitution of

ceramide generation by use of small molecule inhibitors or ceramide analogs/

mimetics could be effective anticancer techniques. In contrast, SK and S1P were

elevated in various cancers and inhibitors; antagonists and monoclonal antibodies

against SK/S1P/S1PR signaling might hold promise for decreasing cancer growth,

proliferation, and metastasis. Recent identification of SPNS2 as a novel S1P

transporter (Kawahara et al. 2009) will help delineate the mechanism of S1P

transport from various cell types, altering systemic S1P accumulation, which then

plays a role in inducing tumor metastasis (Ponnusamy et al., 2012). Moreover,

identification of the S1PR1 crystal structure can point towards more potent

antagonists of S1PR-specific compounds to mediate anticancer functions (Hanson

et al. 2012). Although recent research in sphingolipid metabolism and biology has

yielded significant mechanistic information towards cancer pathogenesis and thera-

peutics, limitations exist regarding our understanding of their roles in varying cancer

subtypes, subcellular compartmentalization, and direct downstream targets, which

often yield context-dependent effects in response to changes in their generation/

accumulation. Moreover, the inherent obstacle in studying membrane-bound

enzymes and their lipid products involved in metabolism must be overcome to

identify molecular and structural details of their functions in the regulation of cancer

growth, proliferation, metastasis, and for the development of novel anticancer

therapeutics.
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Abstract Acid sphingomyelinase (ASMase) is a key initiator of sphingomyelin/

ceramide signal transduction activated by many stress stimuli. Over the past two

decades, much progress has been made in defining the clinical relevance of

sphingomyelin/ceramide signaling in numerous diseases using ASMase knockout

mice. Organs that operate this pathway are numerous and the disease states

regulated are diverse, with ceramide generation governing injury in tumor, gut,

ovary, brain, lung, heart, liver, and during infection. This chapter emphasizes

evolutionary conservation of sphingolipid stress signaling and mammalian

adaptations that permit transduction of organotypic responses. Recognition that
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the sphingomyelin/ceramide transducer calibrates extent of tissue injury, ultimately

acting as a molecular switch that determines organ fate, is driving development of

new pharmacologic concepts and tools to intervene therapeutically.

Keywords ASMase • Ceramide-rich platforms (CRPs) • ASMase Knockout •

Single-dose radiotherapy (SDRT) • Cancer • Niemann-Pick Disease (NPD) •

Stroke • Blood-brain barrier (BBB) • Acute respiratory distress syndrome

(ARDS) • Cystic Fibrosis (CF) • Diabetes • Infections

1 Introduction

1.1 ASMase

The sphingomyelin pathway is a ubiquitous, evolutionarily conserved signaling

system initiated by hydrolysis of sphingomyelin to generate the second messenger

ceramide. Sphingomyelinase (SMase) is a specialized form of phospholipase C,

which cleaves the phosphodiester bond of sphingomyelin, generating ceramide.

Several SMase isoforms can be distinguished by their pH optima, cofactor depen-

dence, and subcellular location. SMases are classified into three groups—acid

SMase (ASMase), neutral SMase (NSMase), and alkaline SMase (Alk-SMase)

(Kolesnick 2002). While ASMase was originally considered a strictly lysosomal

enzyme because of its pH optimum at 4.5–5.0, an ASMase isoform was found

within secretory vesicles at the plasma membrane (Liu and Anderson 1995;

Schissel et al. 1998a). Subsequent studies showed that ASMase exists in two

forms, termed lysosomal ASMase (L-ASMase) and secretory ASMase

(S-ASMase), differing in glycosylation pattern and NH2-terminal processing, and

consequently in subcellular targeting. ASMase is present in all types of cells,

preferentially endowed in endothelium of blood vessels, and cells of the reticulo-

endothelial system (RES) of liver (Kupffer cells), spleen, bone marrow, lung, as

well as macrophages (Otterbach and Stoffel 1995). Activation of ASMase has been

demonstrated in response to various unrelated stress stimuli. ASMase is also a key

enzyme responsible for ceramide homeostasis.

1.2 Ceramide

Ceramide is a sphingosine-based lipid capable of initiating signaling for numerous

stress stimuli, including, but not limited to TNF-α, Fas ligand, ionizing radiation

(IR), heat shock, ultraviolet light, and oxidative stress (Fuks et al. 1995; Grassme

et al. 2003a; Gulbins 2003; Gulbins et al. 1995; Haimovitz-Friedman et al. 1994;

Jarvis et al. 1994; Obeid et al. 1993; Verheij et al. 1996). Structurally, ceramide

contains a long-chain sphingoid base backbone, an amide-linked long-chain fatty

acid, and a hydroxyl head group. Monounsaturated or saturated fatty acids of
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various lengths from 2 to 28 carbon atoms are usually found in natural ceramides

(Kolesnick et al. 2000). Physical properties of ceramide are determined by length of

the fatty acyl chain. Ceramides with long fatty acyl chain (12 carbons or longer)

belong to the category of “non-swelling amphiphiles,” as they cannot give rise to

micelles or other aggregates in aqueous suspension and hence cannot serve as

detergents (Small 1970). In contrast, short-chain ceramides swell in water, a

property that limits their utility in research (Stancevic and Kolesnick 2010). In

mammalian cells, ceramides usually contain fatty acyl chains of 16–24 carbon

atoms. Depending on stimulus and cell type, ceramide can be generated either

through SMase-dependent hydrolysis of sphingomyelin or a de novo synthetic

pathway. SMase-mediated ceramide generation is usually a rapid event localized

in most cells at the plasma membrane, while de novo synthesis of ceramide occurs

in a more prolonged fashion, exclusively intracellularly within endoplasmic reticu-

lum or mitochondrial-associated membrane (MAM) (Shimeno et al. 1995; Bionda

et al. 2004; Kirschnek et al. 2000; Schissel et al. 1998b). As a second messenger,

ceramide plays a ubiquitous role in diverse biologic processes (Kolesnick and

Hannun 1999). Accumulating evidence suggests that changes in local membrane

structure induced by ceramide elevation are essential for its biological function.

Once generated, ceramide may amass or be converted into a variety of metabolites

that serve as bioeffector molecules, often inducing proliferation, and except for

sphingosine and GD3 usually do not signal cell death. Further, some cells manifest

enhanced conversion of ceramide to S1P. Balance between pro-apoptotic properties

of ceramide and anti-apoptotic properties of S1P has been referred to as the “S1P

Rheostat” (Cuvillier et al. 1996) and may under some circumstances play a crucial

role in determining outcome of stress damage in tissues.

1.3 Mechanism of Sphingomyelin/Ceramide Signaling

In 1987, Paley et al. reported that 1,2-diacylglycerols induce SMase activation in

GH3 pituitary cells and suggested for the first time that a sphingomyelin-based

signaling pathway may be active in this response (Kolesnick and Paley 1987).

Subsequently, Okazaki et al. (1989, 1990) confirmed this notion, demonstrating that

receptor binding of vitamin D3 can activate a sphingomyelin/ceramide signaling

pathway in HL-60 cells. Over the past two decades, extensive literature supports the

sphingomyelin/ceramide signaling pathway as an evolutionarily conserved

response system for stress (UV, heat, mechanical stress, etc.) (Grassme et al.

2007; Hannun and Obeid 2008). This system is usually in the “off” state under

baseline conditions, activated upon contacting stress, and calibrates extent of

cellular stress, evoking an adaptive or apoptotic cellular response depending on

strength of signal. The most widely studied ceramide-generating mechanism

involves translocation of ASMase to the outer plasma membrane, where it

hydrolyses its substrate sphingomyelin, generating ceramide therein (Grassme

et al. 2001a). This event usually occurs within seconds to minutes of encountering
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stress, generating ceramide rapidly at the plasma membrane (Rotolo et al. 2012)

(Fig. 1). While the mechanism by which diverse stresses are registered at the

plasma membrane is uncertain, stress-induced translocation of ASMase to the

exoplasmic leaflet of the plasma membrane to initiate stress signaling appears to

involve fusion of a subset of S-ASMase-containing acidic vesicles (Kolesnick,

Paris, and Rao, unpublished) that abut the inner plasma membrane and upon

contacting stress fuse with the bilayer to expose ASMase on the surface (Grassme

et al. 2001a). Ceramide, once generated, has a unique biophysical property, that of

self-association, forming ceramide-rich platforms (CRPs) on the cell surface,

1–5 μm in diameter, which serve as sites for protein oligomerization and trans-

membrane signal transduction (Grassme et al. 2001a, 2003a; Rotolo et al. 2005).

These CRPs are sites of protein–protein interactions that lead to downstream

signaling, and perturbation of CRP formation has been implicated in pathogenesis

of a variety of human diseases (Smith and Schuchman 2008).

Evidence indicates that ceramide also acts as a classic second messenger in

proliferative and stress responses, stoichiometrically activating protein targets

(Kolesnick 2002; Hannun and Obeid 2002). Direct targets for ceramide include

protein kinase C (PKC) δ, ε and ζ (Kashiwagi et al. 2002; Bourbon et al. 2000)

kinase suppressor of Ras (KSR1) (Grassme et al. 2001b), c-Raf-1 (Yu et al. 2000),

protein phosphatase 1 and 2a (Chalfant et al. 1999), phospholipase A2 (Huwiler

et al. 2001), and cathepsin D (Heinrich et al. 1999). Ceramide binds the C1B lipid-

binding domain of KSR1 and c-Raf-1 and via a C1B domain induces PKCε
translocation to an intracellular site distinct from the site phorbol esters regulate.

Fig. 1 Ionizing radiation triggers ceramide-rich platform (CRP) formation in BAEC. Clustering

of ceramide and ASMase into macrodomains on the outer leaflet of the plasma membrane of

BAEC at 1 min post 15 Gy. Cells were fixed 1 min post-irradiation and platforms identified by

standard fluorescent microscopy after staining with anti-ceramide IgM MID 15B4 (1:50 dilution,

Alexis Biochemicals) or rabbit anti-ASMase Ab 1598 (1:100 dilution), followed by Cy3-

conjugated anti-mouse or anti-rabbit IgM (1:500 dilution, Roche Molecular Biochemicals),

respectively [Adapted from Rotolo et al. (2012)]
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A KSR1 C1B-domain polypeptide has been used as a tool to detect surface

ceramide on JY B lymphocytes (Grassme et al. 2001b) or as a pharmacologic

reagent to inhibit CD95 clustering, hepatocyte apoptosis, and death of mice after

intravenous anti-CD95 antibody. This diversity of targets for ceramide interaction

is consistent with its pleiotropic involvement in cellular and tissue responses.

1.4 Generation of ASMase Knockout Mice

An inherited deficiency of ASMase activity had been identified as the cause of the

lysosomal storage disorder Niemann–Pick disease (NPD) in 1966 by the pioneering

work of Brady and colleagues (Brady et al. 1966). To better understand the

importance of ASMase in pathogenesis of this disease, two ASMase knockout

mouse models were independently developed by Ed Schuchman and Wilhelm

Stoffel in 1995 (Otterbach and Stoffel 1995; Horinouchi et al. 1995). These

ASMase knockout mice display a phenotype essentially identical to type A NPD

(type A NPD is a severe neurodegenerative disease of infancy usually fatal by ages

2–3; see below), including failure to thrive, neurodegeneration, and a shortened life

span (Horinouchi et al. 1995). ASMase knockout mice exhibit progressive lipid

storage in the RES of liver, lung, and bone marrow and in macrophages of lung, as

well as in brain (Otterbach and Stoffel 1995; Horinouchi et al. 1995). The

Schuchman ASMase knockout mice are normal at birth and develop routinely

until about 12 weeks of age when ataxia and mild tremors became noticeable. At

time of death, usually between 6 and 8 months of age, ASMase knockout mice are

less than half the weight of wild-type littermates and display an obvious hunched

appearance (Fig. 2) (Horinouchi et al. 1995). While the principal lipid accumulating

is sphingomyelin, cholesterol and ganglioside storage have also been found. Total

blood cholesterol levels are elevated nearly 80 % in ASMase knockout mice

compared with wild-type mice. Furthermore, remarkable loss of Purkinje cells in

the cerebellum leads to severe impairment of neuromotor coordination. Pulmonary

inflammatory disease has also been reported in ASMase knockout mice (Dhami

et al. 2001). It should, however, be pointed out that the phenotype of Schuchman’s

ASMase knockout mouse line is different from that of Stoffel’s, despite the fact that

the technology used to generate these mice was similar. The life expectancy of the

Stoffel ASMase-deficient mice was around 4 months, with mice succumbing to

advanced NPD (Otterbach and Stoffel 1995). In contrast, mice from the Schuchman

group survive to 8 months of age and display a delay in accumulation of

sphingomyelin until 12 weeks or so and delay in significant NPD symptomatology

until 16 weeks (Horinouchi et al. 1995). The reason for the differences is not clear.

It should be emphasized that all studies demonstrating abnormalities in the apopto-

tic response to various stress should be carried out in ASMase knockout mice before

biochemical, histologic, or clinical manifestations of NPD are apparent.

Availability of ASMase knockout mice and development of pharmacologic

modulators of SMase function have provided new insight into involvement of the

sphingomyelin/ceramide transducer in animal models of human disease. Tissues
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possess specific cells that represent primary sensors of environmental stress. These

sensor cells operate distinct intracellular pathways that detect and calibrate magni-

tude of stress by converting stress into biochemical signals (Ch’ang et al. 2005).

The sphingomyelin/ceramide pathway represents a sensor cell-transduction system

operative in select tissues. For instance, IR induces apoptosis of thymocytes via p53

leading to thymus involution, whereas endothelium in the irradiated GI tract uses

ASMase, not p53, to initiate apoptosis, conferring GI damage (Paris et al. 2001).

Further, while the sensor cell type that utilizes the sphingomyelin/ceramide trans-

ducer varies between organs, for instance, germ cells in ovaries and hepatocytes

in liver, microvascular endothelium appears as the most common primary sensor in

the ASMase knockout mouse model. Endothelial cells are 20-fold enriched in

S-ASMase relative to other mammalian cells (Marathe et al. 1998) and are particu-

larly sensitive to stress-induced apoptosis in vitro and in vivo (Kolesnick and Fuks

2003). Endothelium in lung and throughout the central nervous system (CNS) of

ASMase knockout mice is almost completely resistant to apoptosis induced by

irradiation (Santana et al. 1996; Pena et al. 2000). Furthermore, ASMase knockout

mice display defects in hepatocyte apoptosis, liver failure, and animal lethality

upon intravenous injection of anti-CD95 antibodies (Lin et al. 2000). ASMase

knockout mice manifest a marked defect in the ovarian developmental program

(Perez et al. 1997). A failure to normally delete oocytes in ASMase knockout

females during embryogenesis leads to ovarian hyperplasia at birth (Morita et al.

2000). Furthermore, the primary cellular sensor may vary between stresses even

within the same organ (Ch’ang et al. 2005). ASMase knockout mice provide an

invaluable tool to evaluate defective apoptotic signaling and explore the role of

the sphingomyelin/ceramide signaling pathway in pathophysiology of various

human diseases. The following section defines how this pathway is being actively

explored in a number of experimental models of human disease using ASMase

knockout mice.

Fig. 2 Phenotype of the

ASMase knockout mouse.

The dramatic size difference

and “hunched” appearance of

ASMase-deficient mice (top)
compared to a control

littermate (bottom) at 4
months of age [Adapted from

Horinouchi et al. (1995)]
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2 ASMase Knockout Mice and Human Disease

2.1 ASMase Knockout Mice for Cancer Radiation Therapy

As stress is known to increase ceramide levels in select mammalian cells, it is not

surprising that increased ceramide content has been observed in response to a

number of cancer treatments. Interestingly, many tumors seem to have developed

strategies to reduce baseline ceramide levels, associated with resistance to chemo-

therapy or radiotherapy. Several studies showed that ceramide levels were dramati-

cally decreased in some types of human cancer, including colon cancers (Selzner

et al. 2001), gliomas (Riboni et al. 2002), and ovarian cancers (Rylova et al. 1998).

There is growing evidence that sphingomyelin/ceramide signaling pathway is

activated during various cancer treatments, especially during high single-dose

radiotherapy (SDRT).

While the classical theory on the cellular effect of IR identifies DNA as the

major target for initiating death pathways, a growing body of data now

demonstrates that ASMase-mediated ceramide generation regulates apoptosis in

response to IR. In 1994, Haimovitz-Friedman et al. reported that irradiation of

bovine aortic endothelial cells (BAEC) induced sphingomyelin conversion to

ceramide and apoptosis, suggesting that radiation damage to plasma membrane

might initiate apoptotic signaling through ceramide. Activation of ASMase was

also observed in Rat-1 Myc-ER cells and primary skin fibroblasts (Zundel and

Giaccia 1998; Bohler et al. 1997). Definitive evidence for a role of ASMase in

radiation-induced apoptosis was derived from studies with ASMase-deficient

models. B lymphoblastoid cells immortalized from an NPD type A patient fail to

hydrolyze sphingomyelin in response to radiation, generate ceramide, or undergo

apoptosis (Santana et al. 1996). Retroviral transfer of normal ASMase cDNA into

these cells restored ceramide generation, leading to restoration of apoptotic cell

death upon radiation treatment. Mouse embryonic fibroblasts (MEFs) from

ASMase knockout mice also failed to generate ceramide and were completely

resistant to radiation-induced apoptosis, yet remained sensitive to staurosporine-

induced apoptosis, which is not mediated via ceramide signaling (Lozano et al.

2001). Additional studies showed that sensitivity to radiation-induced apoptosis

could be restored in MEFs by exogenous addition of nanomolar concentrations of

natural ceramide. Rescue of the radiation apoptotic phenotype by adding ceramide

provides strong evidence that ceramide is obligate for this form of apoptosis

induced by radiation.

IR, delivered as a small daily fraction of 1.8–3.0 Gy, cures approximately 60 %

of localized, nonmetastatic cancer. Fractioned radiotherapy has been favored

because normal tissue stem cell clonogens repair DNA double-strand breaks

(DSBs) more proficiently than their tumor counterparts during interfraction

intervals, enabling dose escalation to tumor cure levels with acceptable normal

tissue damage. However, in many instances, curative tumor doses cannot be

reached due to high radiosensitivity of adjacent normal organs. The recent
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emergence of image-guided, high-precision targeting of human tumors that effec-

tively excludes normal tissues from the treatment field may obviate this issue,

allowing for high SDRT (20–24 Gy), a modality whose success has exceeded all

expectations (Song et al. 2004).

The mechanism of tumor response after SDRT may differ from that of conven-

tional fractioned radiotherapy (Moeller et al. 2005; Fuks and Kolesnick 2005).

The central role of ASMase-mediated apoptosis in endothelial cells for optimal

SDRT response was detailed in two tumor models (melanoma and fibrosarcoma).

Studies by Garcia-Barros et al. (2003) indicated that exposure to single radiation

doses >8 Gy engages an apoptotic response in tumor microvessels by activating

the sphingomyelin/ceramide transducer in endothelium (Fig. 3). MCA129

fibrosarcomas and B16 melanomas transplanted into ASMase or BAX knockout

mice, which provide tumors with host-derived apoptosis-resistant microvascular

networks, were completely resistant to potentially curative doses of 15–20 Gy

SDRT. Hence, high-dose radiation exposure appears to induce primarily sublethal

lesions in tumor stem cell clonogens that at these doses are converted into lethal

damage upon induction of apoptotic microvascular dysfunction. Discovery of the

critical role of the sphingomyelin/ceramide transducer in curative SDRT defines

endothelium as a valid pharmacologic target, consistent with early data suggesting

that antagonism of VEGF or the VEGFR2 receptor radiosensitizes tumors by

derepressing endothelial ASMase (Truman et al. 2010).

Fig. 3 MCA/129 fibrosarcomas implanted into ASMase�/� mice display reduced radiation-

induced endothelial cell apoptosis. MCA/129 fibrosarcomas, grown to 150–200 mm3, were

irradiated with 15 Gy. Tumor specimens were obtained 4 h post-irradiation, fixed in 4 % fresh

formaldehyde, embedded in paraffin, and 5-μm sections were evaluated for apoptosis by terminal

deoxytransferase-mediated deoxyuridine triphosphate nick end labeling (TUNEL). Thereafter,

endothelial cells were identified using an antibody specific for the endothelial cell surface marker

CD-34. Apoptotic endothelial cells, identified as a red-brown TUNEL-positive nuclear signal

surrounded by dark-blue plasma membrane signal indicative of CD-34 staining, are lacking in

sections of tumor grown in ASMase�/� mice. Similar results were obtained using B16F1

melanomas [Adapted from Garcia-Barros et al. (2003)]
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2.2 ASMase Knockout Mice for Study of GI Damage

In addition to the potential importance of ASMase in cancer therapy, researchers

have been investigating impact of ASMase on normal tissue damage. The radiation

GI syndrome is a major toxicity that may occur in a Fukushima-like nuclear

accident or upon deliberate radiation exposure. The GI syndrome involves destruc-

tion of crypt/villus units, loss of mucosal integrity, and infection by resident

enterobacterial flora, characterized clinically as anorexia, vomiting, diarrhea, dehy-

dration, systemic infection, and in extreme cases, septic shock and death. Studies of

Paris et al. first reported that microvascular endothelium serves as a primary target

for radiation in induction of tissue damage (Paris et al. 2001). Vascular dysfunction

in the GI mucosa occurs following a rapid wave of radiation-induced endothelial

apoptosis (2–6 h post-IR) regulated by ASMase-mediated ceramide generation

within the villus/crypt microvascular network. Genetic inactivation of ASMase

inhibits this ceramide-driven mode of endothelial apoptosis, preventing IR-induced

animal lethality (Paris et al. 2001). Cho et al. (2004) supported this hypothesis,

reporting intravenous injection of the angiopoietin-1 variant COMP-Ang1, which

specifically targeted Tie-2 receptors of intestinal microvascular endothelial but not

epithelial cells, attenuated radiation-induced endothelial apoptosis, and protected

against GI syndrome lethality.

Graft-versus-host disease (GVHD) represents a different process in which

ASMase-mediated apoptosis plays a role in morbidity and mortality. GVHD is a

frequent complication in leukemia patients receiving allogeneic bone marrow

transplantation. In GVHD, donor cytotoxic T lymphocytes (CTLs) attack host

tissues leading to organ damage. Recently, Rotolo et al. (2009) showed that CTLs

generate CRPs on critical cells within GVHD-responsive target organs (small

intestines, skin, liver), signaling apoptosis to initiate GVHD. Evidence indicated

cytokines of the TNF superfamily as critical to CTL-induced pathophysiology.

Using clinically relevant mouse models of acute GVHD in which allogeneic bone

marrow and T cells were transplanted into ASMase+/+ and ASMase�/� mice, host

ASMase was identified as critical for full-blown GVHD. Lack of host ASMase

reduced apoptosis of relevant GVH target cells, including hepatocytes and intestinal

and skin cells, as target cells failed to form CRPs upon contacting activated CTLs

and consequently resisted CTL-mediated cell death. Hence, the sphingomyelinase/

ceramide signaling pathway may provide targets for pharmacologic modulation of

GI and perhaps other damage in GVHD, the major dose-limiting toxicity in leuke-

mia patients receiving allogeneic marrow transplantation (Waselenko et al. 2004).

2.3 ASMase Knockout Mice for Study of Ovarian Damage

The ovary represents another organ whose chemosensitivity/radiosensitivity is

regulated by ASMase. Almost 90 % of oocytes die by apoptosis prior to birth, a

Using ASMase Knockout Mice to Model Human Diseases 37



process that continues throughout adulthood resulting in menopause. Tilly and

coworkers showed that both fetal and postpartum oocyte deletion in mice require

sphingomyelin/ceramide signaling, with ASMase knockout mice displaying 1.6-fold

increased oocytes at birth, maintained throughout adulthood (Morita et al. 2000;

Casper and Jurisicova 2000). This group defined a mechanism for ceramide-mediated

deletion in aging oocytes (Perez et al. 2005). Young wild-type oocytes isolated with

their granulosa cell layer display elevated ceramide in both cell populations and were

resistant to spontaneous or ceramide-induced apoptosis. In contrast, aged oocytes

manifested high granulosa cell ceramide but low oocyte ceramide. Over 24 h in

culture, ceramide was transferred from granulosa cells to oocytes by a process

requiring gap junctions and intact rafts, and apoptosis, requiring Bax downstream,

ensued. S1P treatment did not prevent ceramide transfer but prevented apoptosis.

Similarly, genetic ASMase deletion or binding intracellular ceramide by injecting

anti-ceramide antibody lowered available ceramide in young oocytes rendering them

susceptible to exogenously added ceramide. These studies indicate that the

sphingomyelin/ceramide transducer regulates normal ovarian physiology.

The sphingomyelin/ceramide transducer also mediates lethal effects of drugs and

IR on oocytes. Morita et al. showed that apoptosis of isolated murine oocytes ex vivo

to 200 nM doxorubicin was prevented by S1P pretreatment. Ceramide generation in

response to doxorubicin appeared to occur through sphingomyelin hydrolysis rather

than de novo ceramide synthesis as there was a robust apoptotic response in ASMase

wild-type oocytes cultured with doxorubicin for 24 h, whereas ASMase knockout

oocytes were almost completely resistant to doxorubicin destruction. Further, S1P

injection into the bursa surrounding the mouse ovary dose-dependently prevented

IR-induced oocyte apoptosis and sterility, preserving oocyte function, enabling

successful in vitro and in vivo fertilization. In contrast to unprotected mice, irradiated

S1P-protected mice maintained normal fertility for over 1 year, and their F1 and F2

offspring did not display behavioral, hematologic, histologic, biochemical, or genetic

abnormalities (Paris et al. 2002). Moreover, Tilly and coworkers recently reported a

successful monkey trial to evaluate the effect of S1P and its long-acting mimetic

FTY720 on ovarian function and fertility after irradiation. In these studies, S1P and

FTY720 protected ovaries of adult female rhesus monkeys from damage caused by

15 Gy targeted radiotherapy, allowing for long-term fertility (Zelinski et al. 2011).

These studies indicate that chemotherapy-induced stress and IR-induced stress

engage the sphingomyelin/ceramide physiologic mechanism for oocyte deletion,

accelerating organ damage. Further, these studies suggest a small molecule approach

to this intractable side effect of cancer therapy.

2.4 ASMase Knockout Mice for Study of Brain Diseases

2.4.1 Niemann–Pick Disease

Types A and B NPD result from inherited ASMase deficiency. The first type A NPD

patient was described by Albert Niemann in 1914. Type A NPD is a severe
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neurodegenerative disease of infancy usually fatal by ages 2–3. In contrast, type B

NPD patients have minimal or no neurologic involvement and often survive into

adulthood but may have severe and progressive visceral organ abnormalities, includ-

ing hepatosplenomegaly, and pulmonary and cardiovascular disease (Schuchman

2010). Differences between types appear due to the level of residual ASMase activity.

ASMase knockout mice show a similar phenotype to type A NPD patients, owing to

complete absence ofASMase activity. It has been reported that calciumhomeostasis is

altered in the cerebellum of ASMase knockout mice, suggesting that calcium dys-

function may cause Purkinje cell degeneration (Ginzburg and Futerman 2005).

Several groups have used these mice for testing of novel therapeutics for NPD,

including recombinant enzyme replacement therapy (ERT), gene therapy, and stem

cell transplantation. In 1999, large-scale purification of recombinant human

ASMase was achieved in Chinese hamster ovary cells (He et al. 1999), allowing

for human ERT. Initial studies that evaluated the effect of ERT in ASMase

knockout mice were performed by Miranda and coworkers, who demonstrated

that the sphingomyelin levels were significantly reduced in RES organs when

recombinant ASMase (rASMase) was administered intravenously into young

mice (Miranda et al. 2000). However, there was no impact on progression of

neurologic disease, and mouse life span was not extended due to failure of rASMase

to pass the blood–brain barrier into the CNS (Sly and Vogler 2002). Recent studies

showed that intraparenchymal injection of rASMase results in regional reduction in

sphingomyelin and cholesterol levels, but re-accumulation is observed at 2 weeks

post-injection (Yang et al. 2007). Follow-up studies from the same lab

demonstrated that intracerebroventricular infusion of rASMase led to widespread

ASMase distribution and significant reduction in lysosomal sphingomyelin accu-

mulation (Dodge et al. 2009).

The effect of stem cell transplantation on progression of neurologic disease also

has been extensively evaluated in ASMase knockout mice. Intravenous transplanta-

tion of ASMase-expressing bone marrow cells into ASMase knockout mice showed

positive effects on RES organs, but effects on neurologic disease were modest

(Miranda et al. 1998). Further studies showed that intracerebral transplantation of

ASMase-expressing mesenchymal stem cells into ASMase knockout mice delayed

onset of neurologic abnormalities and extended life span, but progressive neurologic

disease was not prevented (Jin et al. 2002; Jin and Schuchman 2003). Overall, these

findings suggest stem cell transplantation as therapeutically promising.

In addition to the therapeutic approaches mentioned above, gene therapy has

been intensively investigated during the last decade. Adeno-associated viral (AAV)

vectors have been widely used. Several studies demonstrated that intracranial

injections of AAV encoding human ASMase are effective in decreasing the burden

of sphingolipid storage in the brains of ASMase knockout mice. ASMase activity

was found not only within deep cerebellar nuclei but also throughout the CNS.

Moreover, progressive ataxia was prevented and life span normalized (Dodge et al.

2005; Passini et al. 2005, 2007). These data suggest AAV-based therapy as a

promising therapeutic modality for treating NPD.
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2.4.2 Stroke

Stroke, the third leading cause of death in the industrialized world, in the large

majority of cases results from occlusion of arterial blood flow into the brain. While

pathogenesis of the ischemic lesion is complex, excess excitotoxicity, peri-infarct

depolarization, inflammation, and apoptosis are factors contributing to evolution of

tissue damage. These events do not impact the ischemic region homogenously.

Rather, a perfusion-occluded anoxic core, manifesting necrosis, is surrounded by a

rim of restricted blood flow, termed the penumbra. Although penumbra ischemic

cells, and especially neurons, are at high risk for apoptotic death, this region is

potentially salvageable. Hence, a recent emphasis of pharmacologic intervention in

stroke is in apoptosis.

Nakane and coworkers reported in gerbils (Nakane et al. 2000) and rats (Kubota

et al. 2000) that lethal forebrain ischemia (5 min) induced by bilateral carotid

occlusion induced rapid sphingomyelin hydrolysis to ceramide (30 min), preceding

neuronal apoptotic death. Debatin and colleagues (Herr et al. 1999) subsequently

showed that rat middle cerebral artery (MCA) occlusion leads to twofold increased

ceramide levels compared to the ipsilateral non-occluded brain hemisphere at 6 h

after reperfusion. ASMase-generated ceramide purportedly initiated neuronal apo-

ptosis in this model by upregulating death-inducing ligands (Fas ligand, TRAIL,

and TNF-α), an effect prevented by the neuroprotector FK506 (Herr et al. 1999).

Genetic evidence supporting this notion was provided by Mattson and coworkers

(Yu et al. 2000) reporting that ASMase knockout mice neither generated ceramide

nor upregulated inflammatory cytokines upon MCA occlusion and displayed mark-

edly reduced neuronal apoptosis in the penumbra. Infarct size was reduced 30 %,

and neurologic (primarily motor) deficiencies improved dramatically. Primary

cultures of ASMase�/� cortical neurons displayed markedly reduced excitotoxicity

upon glutamate treatment and chemical hypoxia induced by cyanide, accompanied

by protection from intracellular Ca2+ elevation, and generation of reactive oxygen

species (note: ischemic and excitotoxic neuronal death is considered mediated by

calcium overload and oxyradical production). These studies indicate cell autono-

mous utilization of the sphingomyelin/ceramide transducer by cortical neurons to

discriminate death signals.

2.4.3 Blood–Brain Barrier Dysfunction

The blood–brain barrier (BBB) is a highly specialized microvascular network

characterized by tight cell–cell junctions lacking fenestrations, which restricts

transcapillary flux of water-soluble compounds into the CNS (Neuwelt 2004).

The dysfunctions of BBB is observed during CNS bacterial and viral infections,

inflammatory and degenerative CNS disorders, cerebrovascular disease, trauma,

primary and metastatic brain tumors, and after IR. BBB disruption often

results in vasogenic edema that contributes significantly to disease-associated
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symptoms. Concomitantly, however, it facilitates transport of cytokines,

antibodies, inflammatory and immune cells, as well as drugs, to disease-stricken

areas.

Recent studies demonstrate a role for sphingomyelin/ceramide transduction in

IR-induced BBB dysfunction. Pena et al. (2000) showed that irradiated murine CNS

endothelium undergoes dose-dependent apoptosis at 5–100 Gy SDRT, peaking

after 12 h. After 50 Gy, which induces subacute and chronic damage, approxi-

mately 20 % of endothelium underwent apoptosis at 12 h, inhibitable by genetic

ASMase inactivation or pretreatment with the endothelial survival factor bFGF. Li

et al. (2003) showed that this level of endothelial apoptosis resulted in a 40–60 %

reduction in endothelial cell density 24 h after 50 Gy, an event abrogated in

ASMase knockout mice, but not in p53 knockout mice. Further, BBB dysfunction,

assessed by leakage of albumin or Evans blue dye into the CNS, was abrogated in

ASMase�/� mice. These observations suggest that pharmacologic activation of the

sphingomyelin/ceramide transducer might be used therapeutically to produce tran-

sient BBB disruption, designed to facilitate drug delivery to disease sanctuary

regions within the CNS (van Vulpen et al. 2002).

2.5 ASMase Knockout Mice for Study of Lung Diseases

ASMase deficiency in both type B NPD patients and in ASMase knockout mice

alters pulmonary cellular and organ structure secondary to accumulation of

sphingomyelin, leading to lung abnormalities and decreased pulmonary function.

Type B NPD is linked to progressive pulmonary function decline and frequent

respiratory infection. X-ray and CT examination in type B NPD patients revealed

that over 90 % displayed evidence of interstitial lung disease (Mendelson et al.

2006). ASMase knockout mice begin at 10 weeks of age to have a significantly

higher number of cells in their pulmonary airspaces than normal mice, consisting

primarily of enlarged and often multinucleated macrophages. In mice and humans,

the alveolar macrophage serves as the first line of host defense to clear extracellular

bacteria from the lung, implying an important role of ASMase in lung host defense

against pathogens. Further, mechanical research indicates that ASMase is required

for normal surfactant catabolism by alveolar macrophages. In this regard, ASMase

knockout mice exhibit elevated levels of total surfactant lipid and protein

(Buccoliero et al. 2004) and alterations in surfactant composition, including

increased sphingomyelin content, that appear to contribute to abnormal surfactant

function observed in ASMase knockout mice (Buccoliero et al. 2004; Tuder et al.

2003). In principle, these studies suggest that ASMase might regulate fundamental

aspects of lung disease pathologies.
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2.5.1 Acute Respiratory Distress Syndrome

Acute respiratory distress syndrome (ARDS) is defined by severe noncardiac

respiratory distress, impaired arterial oxygenation (hypoxemia), and bilateral pul-

monary infiltrates. It has diverse origins, including sepsis, pneumonia, aspiration,

trauma, smoke or toxic gas inhalation, and some drugs (Piantadosi and Schwartz

2004). Pathogenesis involves primary endothelial dysfunction, leakage of fluid

across the alveolar-capillary barrier, and fluid accumulation in the alveolar space

(edema), causing refractory hypoxemia. Cytokines and chemokines may be crucial

in endothelial cell dysfunction. Recent attention has focused on platelet-activating

factor (PAF) that mediates acute lung injury (ALI) that progresses to ARDS in part

through prostaglandin E2 production.

Goggel et al. (2004) demonstrated a role for ceramide in PAF-induced pulmonary

edema in mouse and rat models (Barnes 2004). PAF injection into mice or perfusion

of isolated intact rat lungs with PAF resulted in rapid serumASMase and pulmonary

ceramide elevation. PAF-induced pulmonary edemawas reduced in ASMase knock-

out mice. Rat pulmonary edema was mimicked by perfusion of short-chain

C2-ceramide, but not C2-dihydroceramide, which differs only in the trans double

bond at position 4–5. Further, injection of anti-ceramide antibodies antagonized

mouse pulmonary edema by about 50 %. Other less specific ASMase inhibitors

(desipramine and D609) acted similarly and, when combined with a cyclooxygenase

inhibitor to prevent prostaglandin E2 production, abolished edema. These studies

suggest that concomitant inhibition of two intracellular lipid signaling pathways

might serve as a new approach to ARDS therapy (Barnes 2004).

2.5.2 Pulmonary Fibrosis

Pulmonary fibrosis is another common form of interstitial lung disease associated

with inflammation and apoptosis. Recently, the Schuchman group found that

intratracheal instillation of bleomycin which can cause pulmonary fibrosis in

normal mice leads to increase in lung ASMase activity, while bleomycin instillation

in ASMase knockout mice does not cause fibrosis. This suggests that inhibition of

ASMase transiently might be a useful way to prevent toxicity of some cancer drugs

(Dhami et al. 2010).

Since ASMase plays an important role in surfactant clearance in lung where

pathogens interact closely with target cell membranes, there has been an expanding

literature regarding ASMase regulation of pathogen infection using ASMase

knockout mice. Cystic fibrosis (CF) is a genetic disorder caused by the mutation

of cystic fibrosis transmembrane conductance regulator (cftr) gene. Growing evi-

dence shows that sphingolipids, in particular ceramide, play an important role in CF

and the bacterial infections associated with this disease (Teichgraber et al. 2008;

Becker et al. 2010).
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According to the CF registry, chronic lung infection with Pseudomonas
aeruginosa contributes to death in over three-quarter of patients (Pier 2002). Gulbins
and coworkers defined a pathophysiology for Pseudomonas pulmonary infection

involving ASMase/ceramide dysregulation in CF. This laboratory discovered an

age-dependent ceramide accumulation in the respiratory tracts of cftr-deficient mice

that might be caused by an imbalance between ASMase cleavage of sphingomyelin

to ceramide and acid ceramidase consumption of ceramide, resulting in higher

ceramide levels (Teichgraber et al. 2008). Ceramide accumulation found in the

lungs of CF mice enhanced age-dependent pulmonary inflammation, death of

respiratory epithelial cells, and resulted in high susceptibility to severe P. aeruginosa
infections, events corrected in ASMase+/� mice or by amitriptyline inactivation of

ASMase. Based on these results, a successful human clinical trial was initiated by

these investigators, the outcome of which suggests that amitriptyline treatment may

improve lung function in CF patients (Riethmuller et al. 2009).

2.6 ASMase Knockout Mice for Study of Heart Disease and
Diabetes

Several reports suggest that lipid abnormalities are part of the phenotype of

patients with type A and B NPD, associated with early atherosclerotic heart

disease. Moreover, reduced high-density lipoprotein (HDL) cholesterol, hypertri-

glyceridemia, and elevated low-density lipoprotein (LDL) cholesterol were found

in type A and B patients, coinciding with presence of early atherosclerotic

plaques (McGovern et al. 2004). Subendothelial retention of atherogenic lipopro-

tein, especially LDL, is a critical early event in atherogenesis. Tabas and

coworkers demonstrated that S-ASMase hydrolyzes sphingomyelin present in

LDL at physiologic pH, leading to formation of aggregated LDL in the

subendothelial space, stimulating macrophage foam cell formation (Schissel

et al. 1998b) and accelerating plaque formation. Recently, studies from the

same group showed 50 % decrease in early foam cell aortic root lesional area

and 87 % reduction in lipoprotein trapping in ASMase-deficient Apoe�/� mice

compared with ASMase wild-type Apoe�/� mice (Devlin et al. 2008). Elevated

S-ASMase activity was also observed in chronic heart failure (Doehner et al.

2007). Moreover, macrophages from ASMase knockout mice have defective

cholesterol trafficking and efflux (Leventhal et al. 2001). All these data suggest

that ASMase might play an important role in atherosclerosis development and

serve as target for therapeutics.

In addition to its role in heart disease, ASMase has been proposed as linked with

diabetes. ASMase knockout mice on a hypercholesterolemic genetic background

show resistance to diet-induced hepatic triacylglycerol accumulation and hypergly-

cemia (Deevska et al. 2009). Interestingly, deletion of ASMase resolved diet-

induced hepatic steatosis and improved insulin sensitivity. The improvement in
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steatosis and insulin sensitivity was associated with elevation in sphingolipids

(including dihydroceramides, ceramides, sphingomyelin, and sphingosine) and

marked decrease in triacylglycerol accumulation (Deevska et al. 2009). These

data imply that ASMase might play a significant role in progression of diabetes.

2.7 ASMase Knockout Mice for Study of Liver Diseases

A number of distinct disease models provide strong evidence for a potential role of

ASMase-mediated apoptosis in progression of liver disorders. The first model is

that of T cell-mediated auto-aggressive liver disease. In 2000, Kirschnek et al.

reported that intracenous injections of phytohemagglutinin (PHA) results in a Fas-

dependent autoimmune hepatitis (Kirschnek et al. 2000). Further studies revealed

that this syndrome is caused by induction of Fas ligand on lymphocytes upon PHA

stimulation and migration of these lymphocytes to liver. Hepatocytes are killed by

apoptosis upon contact with the Fas ligand-positive T cells, leading to autoimmune

hepatitis. Deletion of ASMase in mice protected hepatocytes from T cell-induced

apoptosis (Kirschnek et al. 2000) and protected mice against autoimmune-like

hepatitis. These results provide in vivo evidence for an important physiologic

function of ASMase in PHA-induced hepatitis.

A second hepatic disease model is that of Wilson’s disease. Inactivating

mutations of ATP7B, a key enzyme of liver copper secretion, causes inappropriate

accumulation of Cu2+ in liver parenchyma, resulting in cirrhosis and hemolytic

anemia. In this disease model, Cu2+-triggered hepatocyte apoptosis is mediated by

ASMase activation and ceramide release. Moreover, elevated ASMase plasma

activity was observed in Wilson’s disease patients. Genetic deficiency or pharma-

cologic inhibition of ASMase by amitriptyline prevented Cu2+-induced hepatocyte

apoptosis and protected rats from acute hepatocyte death, liver failure, and early

death (Lang et al. 2007). Cu2+-induced ASMase secretion from leukocytes leads to

ceramide generation in erythrocytes and subsequent phosphatidylserine exposure at

the cell surface. The functional consequence of this series of events is that affected

erythrocytes are deleted immediately from blood by macrophages in mice resulting

in anemia, whereas ASMase-deficient erythrocytes were resistant to Cu2+ treat-

ment. These data indicate the significance of ASMase and ceramide for pathogene-

sis of Wilson’s disease and provide a basis for treatment by pharmacologic

inhibition of ASMase.

In addition to these two disease models, studies showed that hepatocytes from

ASMase knockout mice are resistant to apoptosis mediated by TNF-α (Garcia-Ruiz

et al. 2003). A consensus has developed that acute and chronic liver injury are

largely mediated by hepatocyte apoptosis, with TNF-superfamily members, partic-

ularly Fas/CD95, TNFR, and DR5 playing critical roles (Guicciardi and Gores

2005). Biochemical and histochemical elevation of cognate cytokine ligands

(Fas ligand, TNF-α, and TRAIL) correlates with extent of disease and outcome,

and their pharmacologic and genetic inhibition attenuate liver damage.
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Furthermore, TNF-α administration to mice recapitulates acute hepatic injury

syndromes (Ding and Yin 2004). Fernandez-Checa and colleagues showed that

wild-type hepatocytes respond to TNF-α with rapid ASMase activation, ceramide

generation, and massive apoptosis (Garcia-Ruiz et al. 2003), while ASMase-

deficient hepatocytes were TNF-resistant. Consistent with these observations,

ASMase knockout mice were resistant to TNF-α-induced hepatitis and death

from liver failure. Similarly, ASMase knockout mice were resistant to anti-Fas-

induced ceramide elevation and hepatic injury (Lin et al. 2000), and attenuation of

ceramide elevation via adenoviral overexpression of neutral ceramidase prevented

TNF-induced hepatitis (Osawa et al. 2005). Furthermore, knockout of the mouse

adaptor protein FAN (Malagarie-Cazenave et al. 2004), which binds TNFR1 to

transduce NSMase activation, displayed reduced IL-6 production and TNF-induced

hepatic injury and improved survival. Evidence suggests that ASMase-generated

ceramide may act by inducing downregulation of methionine adenosyltransferase

1A (MAT1A) (Mari et al. 2004), an enzyme required for maintaining levels of the

one-carbon donor S-adenosyl-methionine (SAM). MAT1A impairment lowers

SAM, contributing to injury in experimental models of liver damage and in patients

with alcohol- and viral-mediated cirrhosis. Intraperitoneal SAM injection into wild-

type mice mimicked the ASMase�/� phenotype, preventing TNF- and

lipopolysaccharide-induced hepatitis, improving survival. Altogether, these studies

indicate that elevating ceramide enhances liver damage, while preventing elevation

delivers protection, legitimizing this target for pharmacologic intervention in

hepatic injury.

2.8 ASMase Knockout Mice for Study of Infection

Several studies support ASMase as having a central role in infection of mammalian

cells with diverse microbial pathogens. CRPs are co-opted by a wide range of

pathogens including bacteria, viruses, and parasites to infect mammalian cells.

Initial studies with N. gonorrhoeae showed ASMase activation and release of

ceramide upon infection of human epithelial cells and macrophages. Moreover,

pharmacologic inhibition or genetic knockout of ASMase prevented infection of

human epithelial cells withN. gonorrhoeae (Grassme et al. 1997; Hauck et al. 2000).

These data suggested that ASMase is required for internalization ofN. gonorrhoeae,
confirmed in subsequent studies (Grassme et al. 2003b). P. aeruginosa also activates
ASMase and triggers ceramide release within minutes of contacting target cells.

Pseudomonas-induced CRP formation on the surface of the target cell appears

required for acute infection (Fig. 4), as ASMase knockout prevented CRP formation,

internalization of P. aeruginosa by lung epithelial cells, and subsequent epithelial

cell apoptosis (Grassme et al. 2003b). Evidence also indicates ASMase involvement

in infection by Staphylococcus aureus, Salmonella typhimurium, Escherichia coli,
and Mycobacterium (for further details please see Grassmé and Becker 2013).
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In addition to bacteria, virus–host cell interaction may require ASMase activity.

Griffin and coworkers reported ASMase knockout mice more susceptible to sindbis

virus (SV) infection than wild-type or heterozygous (Het) littermates (Ng and

Griffin 2006). In SV infection, sphingomyelin is required for virus entry, an event

impacted by altered sphingomyelin storage in ASMase-deficient mice. Accumula-

tion of sphingomyelin in brains of ASMase knockout mice allows more rapid entry

and spread of SV, leading to higher viral titers in the nervous system, and

subsequent increased neuronal death compared with wild-type mice. Several cell-

based studies also confirm a fundamental role of ASMase in virus infection. For

instance, infection of human epithelial cells with rhinovirus induces ASMase

activation, release of ceramide, and CRP formation, events blocked in human

fibroblasts genetically deficient for ASMase or by pharmacologic inhibitors of

ASMase (Grassme et al. 2005). Inhibition of SMase by N-palmitoyl-DL-

dihydrosphingosine similarly decreased yield of infectious herpes virus, suggesting

ASMase involvement in herpes infection or replication (Steinhart et al. 1984).

Moreover, several studies suggest that the sphingomyelin/ceramide signaling path-

way may influence the course of HIV-1 infection. HIV-cell infection involves

interaction of HIV receptor molecule gp120 with CD4 on the T cell surface. CD4

ligation initiates T cell depletion by clustering of endogenous Fas/Fas ligand (Wang

et al. 1994), an event requiring CRPs. Altogether, these data suggest that manipu-

lation of sphingolipids might be strategic for treatment of virus infection.

In addition to a role of ASMase in virus uptake, a recent study showed that

ASMase activity might be required by host immune system to eliminate virus-

infected cells. CD8+ CTLs and natural killer cells lyse virus-infected target cells

through exocytosis of cytotoxic granules. CTLs from ASMase knockout mice are

defective in exocytosis of cytolytic effector molecules, leading to attenuated cyto-

toxic activity of CTLs and delayed elimination of lymphocytic choriomeningitis

virus (Herz et al. 2009). Moreover, macrophages from ASMase knockout mice are

defective in killing of the bacterium L. monocytogenes, resulting in unrestricted

spread of infection (Utermohlen et al. 2003). Given the complexity of the impact of

Fig. 4 P. aeruginosa triggers platform formation by ASMase-mediated release of ceramide.

Infection (20 min) of murine tracheal epithelial cells with P. aeruginosa strain ATCC 27853

induced formation of CRPs that contain ASMase. Cells were infected for 20 min with

P. aeruginosa, fixed in PFA, and isolated and stained with FITC-labeled anti-ASMase and

Cy3-coupled anti-ceramide antibodies. The cells were analyzed by fluorescence microscopy

[Adapted from Grassme et al. (2003b)]
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ASMase deficiency on the course of infection, full molecular characterization of

sphingolipid involvement in specific infectious states would appear warranted

before clinical pharmacologic manipulation is attempted.

Finally, at least one parasitic infection is influenced by SMase-induced ceramide

generation in a unique way. Plasmodium seems to have developed a strategy to

circumvent a requirement for mammalian target cell ASMase. In fact, Plasmodium
expresses its own SMase for generation of ceramide in trans in target cells, an effect
required for erythrocyte infection with P. falciparum or P. berghei. Therefore, only
a slightly different course of malarial infection was observed between ASMase

wild-type and knockout mice (Brand et al. 2008). Thus, in addition to host ASMase,

pathogen SMase might represent a novel target for malaria, defined using the

ASMase mouse knockout.

2.9 Perspective

ASMase knockout mice provide an invaluable tool to explore the role of the

sphingomyelin/ceramide signaling pathway in pathophysiology of various human

diseases (Table 1). Accumulating evidence indicates a crucial involvement of

sphingomyelin/ceramide in a number of disease initiation states, as well as disease

treatments, making the pathway an attractive target for therapy. In particular,

manipulation of CRPs might be strategic for treatment of various human diseases.

Table 1 Human diseases/therapies modeled via ASMase knockout

Organs Human diseases

Small intestines GI syndrome and GVHD

Ovary Normal ovarian physiology

Cancer therapy-induced infertility

Brain Niemann–Pick disease

Stroke

Blood–brain barrier dysfunction (BBB)

Lung Acute respiratory distress syndrome (ARDS)

Pulmonary fibrosis

Cystic fibrosis

Heart Atherosclerosis

Chronic heart failure

Diabetes

Liver T cell-mediated auto-aggressive liver disease

Wilson’s disease

Chronic liver disease

Infections Pseudomonas aeruginosa
N. gonorrhoeae
L. monocytogenes
Sindbis virus
P. falciparum

Cancer Single-dose radiotherapy (SDRT)
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Further studies, however, are needed to more fully molecularly characterize the

enzymes involved in generation and metabolism of ceramide in these disease states

to develop a more comprehensive understanding of the signaling network that

regulates their individual sphingomyelin/ceramide transduction. Nonetheless,

human diseases regulated through sphingomyelin/ceramide signal transduction

represent a newly defined class of clinical entities that provides unique targets of

opportunity for pharmacologic intervention. This developmental process undoubt-

edly will continue to rely on use of the original ASMase knockout mice strain, and

on newer versions currently in development, in the process of disease discovery and

therapeutics.
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Abstract In this chapter, we review the latest developments concerning the role of

sphingosine 1-phosphate (S1P) in cancer. Particular focus is paid to the role of

sphingosine kinases 1 and 2, S1P lyase and S1P-dependent signalling networks in

both solid tumours and haematological cancer. The potential of this S1P-dependent

pathophysiology as a therapeutic target for the treatment of cancer is also discussed.

Keywords sphingosine 1-phosphate • sphingosine kinase • cancer

1 Introduction

There are six major hallmarks of cancer. These are (1) enhanced proliferation,

(2) evasion of growth suppression, (3) enhanced cell survival/reduced apoptosis,

(4) acquisition of replicative immortality/reduced senescence, (5) angiogenesis and
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creation of a tumour microenvironment and (6) increased invasiveness and metas-

tasis. These hallmarks can be initiated by genetic instability including activating or

inactivating mutations of oncogenes and tumour suppressors, respectively. Sphin-

gosine 1-phosphate (S1P) is a bioactive lipid that has been implicated in cancer.

S1P is formed by the phosphorylation of sphingosine, catalysed by sphingosine

kinase (two isoforms termed SK1 and SK2) and is degraded by S1P lyase or

dephosphorylated by S1P phosphatase. Extracellular S1P activates a family of

G-protein-coupled S1P receptors that couple to various cellular signalling pathways

(Pyne and Pyne 2000), whereas intracellular S1P directly binds to intracellular

protein targets such as the E3 ligase, TRAF2. The role of S1P in cancer has recently

been extensively reviewed (Pyne and Pyne 2010), and therefore, the purpose of this

chapter is to update progress in this area in the last 2 years. We describe recent

advances which demonstrate that S1P, S1P receptors, sphingosine kinase and S1P

lyase are involved in aberrant cellular processes that contribute to the hallmarks of

cancer. Strategies targeting SK1 are described which provide impetus for the

development of novel SK1 inhibitors that might be used for therapeutic treatment

of cancer in the future and that might offer better disease management options.

2 Sphingosine Kinase and Cancer

There is substantial evidence of a role for SK1 in numerous cancers (Pyne and Pyne

2010). For instance, there is increased SK1 expression in stomach, lung, brain,

colon, kidney and breast cancers and non-Hodgkins lymphoma (Pyne and Pyne

2010). Many factors influence SK1 expression, such as hypoxia, growth factors and

cytokines, and this has a clear indication concerning prognosis. Thus, high expres-

sion of SK1 in the tumours of ER+ breast cancer patients is associated with reduced

patient survival and increased disease recurrence (Long et al. 2010a; Watson et al.

2010). One of the reasons for poor prognosis might be because SK1 is a sensor for

S1P binding to S1P receptors that enables tuning of the migratory response to S1P in

ER+ breast cancer cells (Long et al. 2010a). In this regard, the binding of S1P to

S1P3 receptors promotes the translocation of SK1 from the cytoplasm to the plasma

membrane of ER+ MCF-7 breast cancer cells, and this is a key step in promoting

migration. This is exemplified by the finding that siRNA knockdown of SK1

reduces the ability of S1P to induce activation of ERK-1/2, which involves EGF

receptor transactivation (Sukocheva et al. 2006; Long et al. 2010a, b) and is required

for migration (Long et al. 2010a). Moreover, siRNA knockdown of SK1 reduces the

expression of S1P3 in these cells (Long et al. 2010a). Thus, SK1 appears to

modulate responsiveness of these cancer cells to S1P by regulating the expression

of the S1P3 receptor (Fig. 1). A poor prognosis of grade 4 astrocytoma patients also

correlates with high expression of SK1 in tumours (Van Brocklyn et al. 2005).

Additional evidence highlighting a key role for SK1 in cancer progression is

the finding that the genetic deletion of SK1 in mice significantly reduced

4-nitroquinoline-1-oxide (4-NQO)-induced head and neck squamous cell
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Fig. 2 Schematic showing how genotoxic stress activates p53 which induces a possible caspase-2

catalysed proteolysis of SK1. The downregulation of SK1 perturbs the ceramide-sphingosine-S1P

rheostat leading to ceramide-dependent induction of p21 and p16 which are involved in promoting

tumour senescence

Fig. 1 Schematic showing how SK1 acts as a sensor that governs responsiveness of oestrogen

receptor-positive breast cancer cells to S1P in terms of regulating the formation of a

migratory phenotype. SK1 regulates the expression of S1P3, which binds S1P to activate the

ERK-1/2 pathway. Phosphorylated ERK-1/2 accumulates in actin-enriched lamellipodia and the

nucleus where it can regulate metalloproteinase expression, both of which are required for

allowing these cells to migrate in response to S1P
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carcinogenesis, associated with decreased cell proliferation, activation of caspase-3

and ablated AKT pro-survival signalling (Shirai et al. 2011).

One of the most significant recent advances relating to SK1 and cancer has been

made by Heffernan-Stroud et al. who have demonstrated a functional interaction

between SK1 and the tumour suppressor p53. Mice lacking both p53 tumour-

suppressor alleles develop thymic lymphoma, while mice lacking only one p53

allele develop osteosarcomas and soft tissue sarcoma (Donehower et al. 1992; Jacks

et al. 1994; Lozano 2010). Genotoxic stress has been shown to increase ceramide

levels via a p53-dependent mechanism leading to apoptosis. Indeed, the treatment

of Molt-4 leukaemia cells with actinomycin D induces the degradation of SK1,

while over-expression of the papilloma virus E6 protein, which targets p53 itself for

degradation, prevents the removal of SK1 (Taha et al. 2004). Heffernan-Stroud

et al. have now demonstrated that genotoxic stress (actinomycin, etoposide, UV)

induces the degradation of SK1 in MCF-7 breast cancer cells (Heffernan-Stroud

et al. 2011). This appears to be via a p53-dependent activation of caspase-2.

Significantly, deletion of SK1 in p53 deficient mice completely abrogates thymic

lymphomas and prolongs survival by 30 %. The tumour suppression by p53 is

linked with the elevation of sphingosine and ceramide levels and increased expres-

sion of cell cycle inhibitors p21 and p16 resulting in tumour cell senescence (Fig. 2).

Therefore, certain cancers might be driven by p53-inactivating mutations that

increase SK1 stability and expression. The role of SK1 in cancer is also exemplified

by its regulation by other tumour suppressors. In this regard, various extracellular

stimuli can activate SK1 via its phosphorylation by ERK-1/2 at Ser225 which

increases its activity and promotes its translocation to the plasma membrane (Pitson

et al. 2003). Deactivation of SK1 occurs via its dephosphorylation by protein

phosphatase 2A (PP2A) (Barr et al. 2008), facilitated by the B’α (B56α/PR61α/
PPP2R5A) regulatory subunit of PP2A (Pitman et al. 2011), a well-defined tumour-

suppressor protein (Arnold and Sears 2008).

3 Interaction of Sphingosine 1-Phosphate Receptors

and Sphingosine Kinase 1 with Oncogenes

There is now evidence for several functional partnerships between SK1, S1P

receptors and oncogenes. For instance, H-RAS has been shown to increase SK1

activity in NIH3T3 fibroblasts (Xia et al. 2000). Indeed, transformation of these cells

into fibrosarcoma is inhibited by SK1 inhibitors and by over-expression of the G82D

dominant negative SK1 mutant (Xia et al. 2000). SK1 is also activated by the GDP

bound form of eukaryotic elongation factor 1A (eEF1A) (Leclercq et al. 2011).

Translationally controlled tumour protein (TCTP) is an eEF1A guanine nucleotide

dissociation inhibitor which when over-expressed in cells also activates

SK1. Intriguingly, an oncogenic form of eEF1A1 called prostate tumour inducer-1

(PTI-1) which lacks the GDP–GTP-binding domain activates SK1, and this is

required for PTI-1-induced neoplastic transformation (Leclercq et al. 2011).

HER2/ErbB2 also functionally interacts with S1P4 in ER� MDA-MB-453 breast

cancer cells to promote enhanced ERK-1/2 signalling (Long et al. 2010b), and S1P
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stimulates the tyrosine phosphorylation of HER2 in MKN28 and MKN74 gastric

cancer cells (Shida et al. 2005). Paradoxically, SK1 can negate the function of HER2

in ER+ breast cancer cells (Long et al. 2010a). This involves a process in which

HER2 increases SK1 expression, which results in a negative feedback reduction in

HER2 expression and ablated migration of these cells in response to S1P. High

levels of SK1 in a HER2/ER+ background induce a deregulation of p21-activated

protein kinase 1 which normally functions to promote migration of these cells in

response to S1P. Therefore, SK1 can induce tolerance to HER2 in ER+ breast cancer

cells, and this might have clinical significance as high cytoplasmic SK1 expression

in HER2+/ER+ breast tumours is associated with increased patient survival and

reduced disease recurrence in patients treated with tamoxifen (Long et al. 2010a).

4 Advances in Sphingosine Kinase Inhibitors

In the past 10 years, a number of SK1 inhibitors have been synthesised.

SK1-I (BML-258; (2R,3S,4E)-N-methyl-5-(40-pentylphenyl)-2-aminopent-4-ene-

1,3-diol) is a water-soluble sphingosine analogue that is specific for SK1 and

enhances survival of mice in an orthotopic intracranial tumour model (Kapitonov

et al. 2009). SKi (or SKI-II, 2-(p-hydroxyanilino)-4-(p-chlorophenyl) thiazole)

inhibits both SK1 and SK2 and reduces S1P levels, inhibits proliferation and

induces apoptosis in various cancer cell lines (French et al. 2003). Several natural

products, B-5354c (Kono et al. 2000a), F-12509A (Kono et al. 2000b) and

S-15183a,b (Kono et al. 2001), have been isolated, which inhibit SK activity

in vitro. More recently, FTY720 (2-amino-2-[2-(4-octylphenyl)ethyl]-

1,3-propanediol hydrochloride) has been identified as a SK1 inhibitor (Tonelli

et al. 2010; Lim et al. 2011a). Indeed, the inhibition of SK1 activity by FTY720

induces prostate cancer cell apoptosis in a manner independent of S1P receptors

(Pchejetski et al. 2010). Moreover, γ irradiation, which does not affect SK1 activity
alone, synergised with FTY720 in inhibiting SK1 activity and inducing apoptosis.

This can be reverted by over-expression of SK1, which protects the cancer cells

from FTY720-induced apoptosis. These findings have translational significance

because FTY720 also increases the sensitivity of prostate tumours to radiation

in vivo without toxic side effects (Pchejetski et al. 2010).

There are also other examples expanding the utility of FTY720 as an anticancer

agent. For example, FTY720 has been shown to reduce gastric cancer cell prolifer-

ation, and this is associated with G1 phase cell cycle arrest and apoptosis (Zheng

et al. 2010). This involves an increase in the expression of PTEN, which subse-

quently ablates the phosphorylation of AKT and MDM2 (Zheng et al. 2010).

MDM2 is an E3 ubiquitin ligase that catalyses the ubiquitination of p53, which

enables its proteasomal degradation and which maintains low levels of p53 in cells.

Therefore, FTY720 induces a post-translational increase in p53 stability and

expression, which is associated with the induction of p53-regulated genes involved

in growth arrest and apoptosis, such as Cip1/p21, p27 and BH3-only proteins.
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FTY720 is also cytotoxic in human ovarian cancer cells (Zhang et al. 2010). This

occurs via a mechanism that is independent of caspase-3 activity and involves

cellular swelling and cytoplasmic vacuolisation, typical of necrotic cell death

(Zhang et al. 2010). FTY720 also promotes autophagy in these cells as evidenced

by formation of autophagosomes and the accumulation of LC3-II. Interestingly, the

siRNA knockdown of Beclin 1 or LC3 leads to enhanced necrotic cell death in

response to FTY720, suggesting that stimulation of autophagy is a rebound survival

response that impedes FTY720-induced necrotic death. Thus, targeting autophagy

might augment the necrotic death promoting activity of FTY720 in ovarian cancer.

FTY720 also has marked inhibitory effects on hepatocellular carcinoma (Omar

et al. 2011). In this case, FTY720 induces apoptosis by activating reactive oxygen

species and PKCδ. In addition, the compound OSU-2S has been synthesised from

FTY720. This compound lacks S1P1 receptor activity, thereby excluding the

potential side effect of lymphopenia (as seen with FTY720, once phosphorylated)

that might compromise anticancer activity. OSU-2S exhibits higher potency

than FTY720 and is also active in vivo, reducing tumour growth in both ectopic

and orthotopic models of hepatocellular carcinoma without significant toxicity

(Omar et al. 2011).

Structural modification of the FTY720 scaffold has produced (S)-FTY720
vinylphosphonate, which is also an SK1 inhibitor (Tonelli et al. 2010). The treat-

ment of MCF-7 breast cancer cells with FTY720, (S)-FTY720 vinylphosphonate or
SKi prevents the formation of actin-enriched lamellipodia in response to S1P (Lim

et al. 2011a), suggesting that these inhibitors block formation of the migratory

phenotype, and which might have application for preventing metastasis. Indeed,

treatment of MCF-7 cells with SKi reduces their migration to S1P (Long et al.

2010a). Furthermore, siRNA knockdown of SK1 similarly prevents actin rearrange-

ment into lamellipodia (Long et al. 2010a) (Fig. 1). This is reminiscent of the action

of FTY720 in vivo where it decreases metastasis in a mouse model of breast cancer

and which is associated with impaired formation of filopodia (Azuma et al. 2002).

Remarkably, the treatment of MCF-7 breast cancer and LNCaP prostate cancer

cells with FTY720, (S)-FTY720 vinylphosphonate or SKi also induces a novel

ubiquitin-proteasomal degradation of SK1 (Tonelli et al. 2010; Loveridge et al.

2010; Lim et al. 2011a), and this results in apoptosis, thereby offering additional

enhanced efficacy options for the treatment of cancer. Recently, Macdonald et al.

have synthesised amidine-based SK1 inhibitors which exhibit nanomolar potency

and reduce intracellular S1P levels in human leukaemia U937 cells (Kennedy et al.

2011), thereby providing evidence for the first time that it is possible to achieve

high, clinically relevant potency.

There is also new emerging evidence for an important role of SK2 in cancer.

This is exemplified by the finding that the siRNA knockdown of SK2 enhances

doxorubicin-induced apoptosis of breast or colon cancer cells (Sankala et al. 2007).

Surprisingly, siRNA knockdown of SK2 elevates SK1 expression and increases

intracellular S1P in A498, Caki-1 or MDA-MB-231 cells (Gao and Smith 2011).

However, knockdown of SK2 in these cells reduces cell proliferation and migra-

tion/invasion, and this is actually more effective than knockdown of SK1, which
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results in reduced intracellular S1P and has no effect on SK2 expression. The

knockdown of SK1 or SK2 also have differential effects on p53, p21, ERK-1,

ERK-2, FAK and VCAM1 indicating that SK1 and SK2 have non-overlapping

functions. These studies provide evidence that loss of SK2 has a stronger anticancer

effect in these cell lines compared with loss of SK1 (Gao and Smith 2011) although

this is unexpected given the widely documented pro-cancerous role of SK1-derived

S1P. The increase in intracellular S1P upon loss of SK2 together with reduced

proliferation suggests that SK2 regulates a discrete intracellular pool of S1P that is

functionally compartmentalised from S1P formed by SK1 in the cancer cell types

studied (see Pyne et al. 2009 for a review of spatial aspects of S1P signalling). The

reduction in SK2-derived S1P upon knockdown of SK2 might then be masked by

the net increase in intracellular S1P levels caused by the compensatory elevation in

SK1 expression. Alternatively, it is possible that unidentified non-catalytic

functions of SK2 regulate some of the effectors. This is not without foundation as

SK2 interacts with Bcl2 via its BH3 domain, although this interaction promotes

apoptosis (Liu et al. 2003). Nevertheless, these studies strongly support the idea that

the synthesis of SK2 inhibitors might be a strategy for the development of anticancer

agents. In this regard, two new SK2-selective inhibitors, namely (R)-FTY720
methyl ether ((R)-FTY720-OMe) and ABC294640, have been synthesised and

characterised (Lim et al. 2011b; French et al. 2010).

(R)-FTY720-OMe has one of the prochiral hydroxyl groups of FTY720 replaced

by a methoxy group, thereby blocking the site of phosphorylation by SK2.

(R)-FTY720-OMe is a selective, competitive (with sphingosine) inhibitor of SK2.

The treatment of MCF-7 cells with (R)-FTY720-OMe prevents actin enrichment

into lamellipodia in response to S1P suggesting application to inhibit metastasis (Lim

et al. 2011b). The aryladamantane compound, ABC294640 [3-(4-chlorophenyl)-

adamantane-1-carboxylic acid (pyridin-4-ylmethyl)amide] is a competitive inhibitor

(with sphingosine) of SK2 activity and reduces intracellular S1P formation in cancer

cells (French et al. 2010). The Ki values for inhibition of SK2 by both (R)-FTY720-
OMe and ABC294640 are very similar (16.5 vs. 10 μM, respectively). ABC294640

suppresses the proliferation of several tumour cell lines and inhibits tumour cell

migration associated with the loss of actin microfilaments. In addition, ABC294640

has significant in vivo activity and inhibits tumour progression in mice with

mammary adenocarcinoma xenografts (French et al. 2010).

More recent studies have demonstrated that ABC294640 induces autophagy in

A-498 kidney carcinoma, PC-3 prostate and MDA-MB-231 breast cancer cells

(Beljanski et al. 2010). Interestingly, combined treatment of A-498 cells with

ABC294640 and an autophagy inhibitor (3-methyladenine) induces apoptosis,

demonstrating a close balance between autophagic and apoptotic processes. In

this regard, Smith et al. proposed a model for the action of ABC294640 (Beljanski

et al. 2010): in normal conditions, tumour cells operate under conditions of a low

autophagic flux. This enables balancing the energy demand for growth, which is

high and is driven by the ERK pathway. In contrast, the apoptotic rate is low due to

high AKT pro-survival signalling. When the cells are treated with ABC294640,

there is a marked reduction in ERK and AKT signalling leading to the inhibition of
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proliferation and pro-survival signalling. However, the inhibition of SK2 activity

by ABC294640 results in the accumulation of ceramide which, in turn, stimulates

autophagic death and which predominates over apoptotic death. However,

autophagy induced by ABC294640 is blocked in the presence of 3-methyladenine,

and therefore, ABC294640 induces apoptosis as the predominant mechanism. In

this respect, it is interesting to note that (R)-FTY720-OMe induces apoptosis in

HEK 293 cells (Lim et al. 2011b). Smith et al. have also found that ABC294640

delays tumour growth and increases autophagy markers in severe combined immu-

nodeficient mice with A-498 xenografts, albeit the number of apoptotic cells did not

increase (Beljanski et al. 2010).

ABC294640 has also been shown to decrease ER-regulated gene expression, and

this is accounted for by the ability of ABC294640 to also bind to the antagonist

ligand-binding domain of the oestrogen receptor, ERα. In this case, ABC294640

functions as a partial antagonist similar to tamoxifen (Antoon et al. 2010). This

property of ABC294640 might be physiologically relevant as ABC294640 inhibits

ER+ breast cancer tumour formation in vivo. Similarly, SKi has also been reported

to function as an ER antagonist (Antoon et al. 2011). These additional activities of

ABC294640 and SKi enable a multipronged attack on breast cancer. In this regard,

(S)-FTY720 vinylphosphonate might also be exploited to launch a multipronged

attack on cancer as it can affect multiple targets. With regard to S1P-related targets,

(S)-FTY720 vinylphosphonate inhibits both SK1 and SK2 activities (Lim et al.

2011a). It is also a full antagonist of S1P1,3,4 (Ki 208, 15 and 1,190 nM, respec-

tively) and a partial antagonist of S1P2 and S1P5 (Valentine et al. 2010). Addition-

ally, (S)-FTY720 vinylphosphonate reduces the expression of the androgen receptor
in androgen-independent LNCaP-AI cells (Tonelli et al. 2010), which might pro-

vide additional anti-proliferative activity.

The importance of S1P receptors in cancer is highlighted by several studies. For

instance, S1P stimulates the migration of fibrosarcoma cells through S1P1 (Fisher

et al. 2006) and gastric cancer cells through S1P3 (Yamashita et al. 2006). High

membrane S1P1 expression in the ER+ breast cancer tumours is associated with

shorter time to disease recurrence on tamoxifen, and high cytoplasmic S1P1 and

S1P3 tumour expression is linked with reduced disease specific survival times

(Watson et al. 2010). In addition, IL-6/Jak2 signalling is linked with S1P1, and

this is required for the sustained activation of Stat3, which promotes cancer

progression (Lee et al. 2010). A positive feedback loop exists, whereby Stat3

increases the expression of S1P1 resulting in further activation of Stat3 and up-

regulation of IL-6 expression, which enhances tumour growth and metastasis.

Taking all these findings together, it is logical to propose that the combined

inhibition of SK1 and/or SK2 and/or the antagonism of S1P receptors in cancer

might provide better efficacy options compared with agents that inhibit each of

these targets alone.
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5 Advances on the Role of S1P Lyase in Cancer

The human SGPL1 gene, which encodes S1P lyase (SPL), maps to chromosomal

regions that are commonly mutated in cancer, and one can consider SPL as having

tumour-suppressor activity. Expression of SPL is regulated principally by Sp1 and a

Sp1/GATA-4 complex which bind to the SGPL1 gene promoter (Ito et al. 2011).

However, SPL expression is not directly correlated with cellular S1P levels in lung

cancer cell lines (Ito et al. 2011). Nevertheless, deficiency in SPL induces resistance

to etoposide and doxorubicin. Moreover, the reduction in doxorubicin-induced

apoptosis in Sgpl-/- cells is associated with up-regulation of the anti-apoptotic

proteins, Bcl2 and Bcl-xl. The deficiency of SPL is also linked with increased

proliferation, anchorage-independent growth and formation of tumours in mice.

Importantly, SPL expression is decreased in human melanoma cell lines, thereby

suggesting reduced tumour-suppressor activity that might contribute to the progres-

sion of this cancer (Colié et al. 2009).

6 Advances in Other Specific Cancers

Several recent significant advances have been made concerning the role of S1P in

haematological cancers:

6.1 Myeloid Leukaemia

The BCR/ABL1 oncogene is produced by the Philadelphia chromosome transloca-

tion t(9;22)(q34;q11) and is a linked to poor prognosis in chronic myelogenous

leukaemia (CML). It is also present in 20 % of adult acute lymphoblastic

leukaemias (ALL). BCR/ABL1 encodes a 210 kDa constitutively active tyrosine

kinase that is present in CML patients, where it enhances survival of myeloid

progenitors leading to myeloproliferative disease. The p190-encoded Bcr/Abl has

similar transforming ability but stimulates proliferation of lymphoid progenitors.

The Bcr/Abl oncoprotein activates signalling pathways that result in increased

survival and ablated differentiation of hematopoietic progenitors.

The Bcr/Abl tyrosine kinase has been shown to increase SK1 expression, and

this appears necessary for regulating the level of Mcl-1 and other anti-apoptotic

Bcl-2 family members that enhance cell survival (Li et al. 2007; Bonhoure et al.

2008). In CML cells, Bcr/Abl increases SK1 expression through its activation of the

ERK-1/2, PI3K and Janus kinase 2 pathways (Li et al. 2007) and AKT2/mTOR in

imatinib-resistant CML cells (Marfe et al. 2011). The major treatment option for

CML involves the use of the Bcr/Abl tyrosine kinase inhibitor, imatinib, which

reduces SK1 expression, and this appears to contribute to the therapeutic efficacy of
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imatinib (Bonhoure et al. 2008). However, CML and Ph1 ALL patients develop

resistance dependent on the over-expression or mutation of Bcr/Abl. Moreover,

SK1 confers resistance of CML cells to imatinib (Baran et al. 2007). Indeed, the

knockdown of SK1 expression by small interference RNA increases the sensitivity

of resistant cells to imatinib in terms of the induction of apoptosis (Marfe et al.

2011) and enforced expression of SK1 in K562 cells increases the S1P/C18-

ceramide ratio and prevents apoptosis to imatinib (Baran et al. 2007). These

findings have been replicated in other CML cells. For instance, the ceramide:S1P

ratio is increased in response to imatinib in imatinib-sensitive LAMA84 cells, while

the ratio is unaltered in imatinib-resistant cells. Additionally, over-expression of

SK1 in imatinib-sensitive cells impairs apoptosis by inhibiting caspase-3 activation

and cytochrome C/Smac release. This involves the SK1-dependent modulation of

Bim, Bcl-xL and Mcl-1 expression (Bonhoure et al. 2008). Furthermore,

daunorubicin-sensitive but not insensitive leukaemia cells (CML, AML and ALL)

exhibit an elevated ceramide:S1P ratio when treated with daunorubicin and sensi-

tivity to daunorubicin is restored by inhibiting SK1 activity (Sobue et al. 2008).

Taken together, these findings identify SK1 as having a very important role in

regulating the sensitivity of leukaemic cells to chemotherapeutic agents. Indeed,

Ogretman et al. have recently provided a molecular explanation for the role of SK1

in the acquisition of resistance to imatinib in CML (Salas et al. 2011). They

demonstrated that increased SK1/S1P enhances Bcr/Abl1 protein stability. This

involves S1P formed by SK1 being released to act on S1P2 receptor which

inactivates PP2A and thereby prevents Bcr/Abl1 degradation (Fig. 3). This is

Fig. 3 Schematic showing how SK1 catalyses formation of S1P which is released to act on S1P2.

S1P bound to S1P2 inhibits PP2A/SHP-1-induced degradation of Bcr/Abl, thereby increasing its

stability and conferring resistance of CML to imatinib
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consistent with the fact that the proteasomal degradation of Bcr/Abl1 requires its

dephosphorylation by PP2A/SHP-1. Moreover, pharmacological inhibition or

siRNA knockdown of SK1 restores dephosphorylation and proteasomal degrada-

tion of Bcr/Abl1 and enhances the inhibition of growth by imatinib or nilotinib in

primary CD34+ mononuclear cells obtained from chronic phase and blast crisis

CML patients, imatinib-insensitive CML cells and murine progenitor cells

expressing the wild-type or mutant (Y253H or T315I) Bcr/Abl1. SK1 inhibition

also enhances the sensitivity of 32D/T315I-Bcr/Abl1-derived mouse allografts to

growth inhibition by nilotinib (Salas et al. 2011).

Interestingly, Bcr/Abl1 inactivates the tumour suppressor PP2A by enhancing

the expression of the PP2A inhibitor SET (Neviani et al. 2005). The effect of the

functional loss of PP2A in chronic phase and blast crisis CML patient cells has been

assessed using FTY720, which is an activator of PP2A (Neviani et al. 2007). The

recent findings made by Salas et al. (2011) and Tonelli et al. (2010) can now be used

to elaborate the mechanism of action of FTY720. Neviani et al. (2007) showed that

whilst normal CD34+ or CD34+/CD19+ bone marrow cells were unaffected,

FTY720 induced apoptosis of CML-BCCD34+ and Ph1 ALLCD34+/CD19+ progenitors

and impaired clonogenicity of imatinib/dasatinib-sensitive and -resistant Bcr/Abl

myeloid and lymphoid cell lines. These workers proposed that the restoration of

PP2A activity by FTY720 reduces Bcr/Abl expression by inducing its proteasomal

degradation. In addition, exogenous S1P counteracts the effect of FTY720 on Bcr/

Abl stability, which is consistent with a role for extracellular S1P in preventing Bcr/

Abl degradation, as reported by Salas et al. (2011). Moreover, SK inhibitors reduce

the phosphorylation and stability of Bcr/Abl suggesting that inhibition of SK1 is

sufficient to prevent the SK1-S1P2 autocrine loop that functions to inactivate PP2A.

As mentioned previously, we have shown that FTY720 is a competitive inhibitor of

SK1 (Lim et al. 2011a). In addition, FTY720 promotes the ubiquitin-proteasomal

degradation of SK1 to create SK1 null cancer cells (Tonelli et al. 2010). It is

therefore possible that the effect of FTY720 on Bcr/Abl stability is mediated not

only by the direct activation of PP2A but also by inhibition/downregulation of SK1,

which would theoretically restore PP2A activity by interrupting the S1P/S1P2
functional loop (Fig. 4). Alternatively, the activation of PP2A activity by

FTY720 might function in a negative feedback loop to inactivate SK1 (Barr et al.

2008) that has been phosphorylated by ERK-1/2 on S225 (Pitson et al. 2003),

thereby providing an additional route for reducing SK1 activity. FTY720 also

suppresses Bcr/Abl-dependent (including mutated p210/p190Bcr/Abl (T315I)) leu-

kaemogenesis without exerting any toxicity. Therefore, the action of FTY720 on

SK1 inhibition/downregulation and restoration of PP2A activity might represent a

clear example of where modulation of ceramide-sphingosine-S1P rheostat has a

well-defined clinical translational potential.

ALL is the most common form of childhood cancer. Notably, FTY720 reduces

survival of Ph(+) and Ph(�) ALL cell lines. However, this occurs by a mechanism

that is independent of PP2A and caspase-3 (Wallington-Beddoe et al. 2011).

FTY720 also induces autophagy as evidenced by increased LC3II expression and

autophagic flux. Interestingly, FTY720 stimulates reactive oxygen species (ROS),
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and therefore, the antioxidant N-acetyl-cysteine (NAC) partially reverses the cyto-

toxic effects of this compound. In this respect, it is noteworthy that shRNA

knockdown of SK1 or an SK1 inhibitor induces ROS formation in carcinoma

(Huwlier et al. 2011), suggesting close coupling between SK1 and ROS formation.

6.2 Multiple Myeloma

Multiple myeloma cell lines and cells isolated from patients that are unresponsive

to conventional therapeutics undergo apoptosis in response to FTY720. This is

mediated by activation of caspase-8, -9 and -2 and altered BAX cleavage and

mitochondrial potential (Yasui et al. 2005). However, FTY720 also reduced IL-6-

stimulated Akt phosphorylation, Stat3 and ERK-1/2 activation, IGF-I-stimulated

Akt activation and TNFα-stimulated IKB and NFκB phosphorylation in these cells.

A Mcl-1-dependent pathway is involved in the FTY720-induced apoptosis of B cell

malignancies and primary B cells from chronic lymphocytic leukaemia (CLL)

patients (Liu et al. 2008). FTY720 can also induce prolonged survival of mice

with disseminated B cell lymphoma/leukaemia (Liu et al. 2008).

Lymphoma: The oncogenic activity of Runx (Runx1, 2 and 3) genes has been

demonstrated in transgenic mice that develop lymphoma and which display marked

synergism with over-expressed Myc. Interestingly, three genes involved in

Fig. 4 Schematic showing how FTY720-dependent inhibition/degradation of SK1 might perturb

the ceramide-sphingosine-S1P rheostat to prevent the inhibitory effect of S1P/S1P2 on PP2A/SHP-1,

thereby enhancing Bcr/Abl degradation and improving sensitivity of CML to imatinib. This might

represent an additional mechanism to direct activation of PP2A by FTY720
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sphingolipid metabolism have been identified as direct targets for Runx-dependent

transcriptional regulation (Kilbey et al. 2010). Sgpp1 (which encodes S1P

phosphatase-1) is decreased, whereas Ugcg (which encodes UDP–glucose cer-

amide galactosyltransferase) and St3gal5/Siat9 (which encodes GM3 synthase)

are both increased. This is in line with the finding that ectopic over-expression of

Runx reduces intracellular long-chain ceramides and elevates extracellular S1P in

NIH3T3 fibroblasts. Runx expression also reduces the activation JNK and p38

MAPK, which are essential proteins involved in ceramide-induced death.

7 Summary and Future Directions

There is now ample evidence that sphingosine kinase has tumour-promoting activ-

ity via direct or functional interaction with oncogenes. Cancer progression might

occur because positive selection and clonal expansion are consequences of SK1

conferring a significant survival and growth advantage to the cancer cells. S1P lyase

is pro-apoptotic and therefore exhibits tumour-suppressing activity. This highlights

the key role for regulating the position of the ceramide-sphingosine-S1P rheostat in

cancer. The release of S1P from cells or its partitioning into the plasma membrane

and close proximity association with S1P receptors in addition to its binding to

intracellular targets such as HDAC1/2 (Hait et al. 2009) and TRAF2 (Alvarez et al.

2010) might influence ubiquitination, phosphorylation, methylation, glycosylation

and redox pathways conducive to enhanced survival and invasiveness of cancer

cells. The functional interaction between S1P receptors and oncogenes is an

additional level of complexity that might contribute to cancer and is worthy of

further investigation. These processes are therefore viable targets for therapeutic

intervention as exemplified by the effectiveness of SK inhibitors in in vivo cancer

models (Pyne and Pyne 2010). Indeed, the SK inhibitor L-threo-dihydrosphingosine
(safingol) in combination with the DNA cross-linking agent, cisplatin is effective in

phase I clinical trials for the treatment of advanced solid phase tumours (Dickson

et al. 2011). More successful translation to the clinic requires the development of

compounds with nanomolar potency, enhanced efficacy (e.g. exemplified by

inhibitor-induced proteasomal degradation of SK1) and improved bioavailability.

In addition, we believe that a major focus of future research will be in the identifi-

cation and characterisation of new intracellular targets that bind S1P. Indeed, it is

possible that the activation/inhibition of subsets of intracellular targets might, in

concert with oncogenes, confer a particular phenotype to the cancer. Identification

of these S1P-dependent signalling pathways will open up new translational

possibilities for therapeutically targeting cancer using personalised medicines so

that this disease can be treated more effectively than is currently the case.
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Abstract Chemotherapy is frequently used to treat primary or metastatic cancers,

but intrinsic or acquired drug resistance limits its efficiency. Sphingolipids are

important regulators of various cellular processes including proliferation, apopto-

sis, differentiation, angiogenesis, stress, and inflammatory responses which are

linked to various aspects of cancer, like tumor growth, neoangiogenesis, and

response to chemotherapy. Ceramide, the central molecule of sphingolipid metab-

olism, generally mediates antiproliferative and proapoptotic functions, whereas

sphingosine-1-phosphate and other derivatives have opposing effects. Among

the variety of enzymes that control ceramide generation, acid or neutral
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sphingomyelinases and ceramide synthases are important targets to allow killing of

cancer cells by chemotherapeutic drugs. On the contrary, glucosylceramide

synthase, ceramidase, and sphingosine kinase are other targets driving cancer cell

resistance to chemotherapy. This chapter focuses on ceramide-based mechanisms

leading to cancer therapy sensitization or resistance which could have some impacts

on the development of novel cancer therapeutic strategies.

Keywords chemotherapy • ceramide • sphingomyelinases • ceramide kinase •

sphingosine kinase

1 Introduction

Sphingolipids are ubiquitous components of eukaryotic cell membranes known to

be involved in a variety of cellular processes including proliferation, growth,

differentiation, apoptosis, and membrane structure. Dysregulation of their metabo-

lism is evident in various pathological conditions including metabolic disorders and

cancer. Thus, sphingolipids represent interesting targets for the development of

novel chemotherapy. Studies performed over the past decade demonstrate that

chemotherapy induces the death of cancer cells by apoptosis via two major death

pathways. The first one is called the extrinsic death receptor pathway that begins

with ligation of cell surface death receptors like CD95 by CD95L (Suda et al. 1993)

or via CD95 clustering at the cell surface independently of its ligand (Micheau et al.

1999; Shao et al. 2001). Activation of CD95 death receptor leads to the recruitment

of the protein Fas-associated death domain (FADD) and procaspase-8 to form a

death-inducing signaling complex (DISC). Within the DISC, the procaspase-8 is

transactivated to release mature caspase-8 initiating directly the apoptotic cascade

(Muzio et al. 1996) or indirectly via the cleavage of Bid in t-Bid (truncated Bid) that

consequently activates the mitochondrial death pathway (Li et al. 1998; Luo et al.

1998). The second one is named the intrinsic mitochondrial death pathway

regulated by members of the Bcl-2 family (Green 2000). Most chemotherapeutic

drugs induce disruption of the outer mitochondrial membrane and the release of

proapoptotic molecules such as cytochrome c, Smac/DIABLO, HtrA2/Omi,

apoptosis-inducing factor (AIF), and endonuclease G (Endo G) from the mitochon-

drial intermembrane space (Ravagnan et al. 2002). In the cytosol, cytochrome c

forms a complex with apoptosis protease activating factor-1 (Apaf-1), which

induces via caspase-9 activation of caspase-3 leading to cell death. Since exogenous

treatment with ceramide (Obeid et al. 1993) or endogenous production of ceramide

following many apoptotic stimuli (Hannun 1994; Lin et al. 2006) induces apoptosis,

ceramide is considered as an important mediator in both intrinsic and extrinsic

death pathway. Ceramide levels are significantly decreased in human colon

(Selzner et al. 2001), glial (Riboni et al. 2002), ovarian (Rylova et al. 1998), and

head and neck cancers (Koybasi et al. 2004), and malignant cells with low level of

ceramide are resistant to apoptosis (Chmura et al. 1997). Moreover, absence of

generation of ceramide is associated with chemoresistance (Wang et al. 1999,
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2003). In this context, modulation of ceramide content may favor apoptosis and

targeting altered sphingolipid metabolism in cancer could contribute to potentiate

chemotherapy and counteract chemoresistance. This chapter describes the current

knowledge about sphingolipids and their roles in response to chemotherapy.

2 Sphingolipid Metabolism

Sphingolipids are membrane lipids containing a sphingoid base (sphingosine or

sphinganine) which is in most cases acylated with a fatty acid. The resulting

ceramides can carry hydrophilic headgroups such as phosphorylcholine in

sphingomyelin (SM), carbohydrate residues in glycosphingolipids, and a phosphate

moiety in ceramide-1-phosphate. Sphingolipids (like sphingomyelin or glycosphin-

golipids) with glycerophospholipids and cholesterol are characteristic components

of cell membranes. As structural lipids, they are mainly found in the plasma

membrane and to a lesser extent in intracellular membranes (Van Meer and Hoetzl

2010). Plasma membrane is characterized by the presence of distinct microdomains

enriched in sphingolipids and cholesterol, termed lipid rafts (Brown and London

2000; Simons and Van Meer 1988; Simons and Ikonen 1997). These membrane

domains have the properties to be insoluble in nonionic detergents at 4 �C, of weak
density on sucrose gradient, and destabilized by cholesterol-depleting agents.

Moreover, these structures actively participate to metabolic and signal transduction

processes (Verkleij and Post 2000), especially in the CD95 death receptor pathway

(Hueber et al. 2002) but also in response to chemotherapy (Bezombes et al. 2003;

Dimanche-Boitrel et al. 2005). Then, sphingolipids play a role as mediator lipids

and are involved in the regulation of cellular functions. Their biosynthesis and

catabolism involve a large number of intermediate metabolites with distinct

biological activities (Fig. 1).

Intracellular ceramide can be formed either by de novo synthesis that requires

the action of serine palmitoyltransferase (SPT) (Kang et al. 2010) and/or ceramide

synthase (Bose et al. 1995) or through the SMase-dependent catabolism of SM, in

various separate cellular compartments. In response to chemotherapy, SMase

activation is the predominant pathway to generate ceramide (Rizzieri and Hannun

1998; Pettus et al. 2002; Ogretmen and Hannun 2004) besides the activation of de

novo synthesis (Bose et al. 1995). SMases are phospholipase C-like enzymes that

mediate the hydrolysis of SM to phosphocholine and ceramide. Today, three classes

of SMases have been described: the acid, the neutral, and the alkaline form,

according to their optimum pH, cation dependency, and subcellular location

(Levade and Jaffrézou 1999; Goni and Alonso 2002). Acid sphingomyelinase

(ASMase), a soluble glycoprotein, was the first described. It was originally

identified in the lysosomes with an optimum pH at 4.5–5, but this isoform could

be translocated to the plasma membrane, particularly in lipid rafts after activation

by ligand binding to specific receptor (Gulbins and Grassmé 2002) or chemotherapy

(Lacour et al. 2004; Dimanche-Boitrel et al. 2005; Carpinteiro et al. 2008),
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promoting subsequently receptor clustering. The secretory sphingomyelinase

(SSMase) arises from the ASMase gene through differential protein trafficking of

a common precursor localized either in lysosomes or in Golgi (Schissel et al. 1998).

This protein is activated by physiological concentrations of Zn2+ (Schissel et al.

1996; Spence et al. 1989). Different forms of neutral sphingomyelinases (NSMase)

are characterized with a pH optimum at 7.4: a plasma membrane, Mg2+- or Mn2+-

dependent form and a cytosolic, Mg2+-independent form as well as nuclear and

mitochondrial forms (Goni and Alonso 2002; Birbes et al. 2002; Tomiuk et al.

2000; Wu et al. 2010). Several ceramide synthases (CerS1–6) have been described

(Pewzner-Jung et al. 2006). These enzymes locate in microsomes, are integral

membrane proteins of the endoplasmic reticulum, and synthesize ceramides with

different fatty acid chain lengths (Mizutani et al. 2005). As reported above, many

inductors of apoptosis generate ceramide, suggesting a role of this sphingolipid in

programmed cell death (Pettus et al. 2002). Additionally, increasing the levels of

endogenous ceramide results in apoptosis and growth arrest (Abe et al. 1995;

Bielawska et al. 1996). Most of studies suggest that ceramide levels decrease in

cancers, notably in ovarian, head and neck, colon, and brain tumors. However, this

notion must be seen with caution because it seems that it is the content in

specific ceramides which is important rather than their global level. For example,

only C18-ceramide and no other ceramide species is significantly lower in tumor

tissues of HNSCC patients when compared with controls, which correlates with

lymphovascular invasion and nodal metastasis (Koybasi et al. 2004; Karahatay

et al. 2007), suggesting that this ceramide inhibits tumor growth. By contrast, recent

data suggest that elevated C16-ceramide is associated with a positive lymph node

status in breast cancer patients (Schiffmann et al. 2009).

sphingosine

sphinganine

dihydroceramide

ceramideS1P sphingomyelin

C1P
glucosylceramide

galactosylceramide

SMase

Desaturases

CerS

CDaseSK

GCS GCase
CerK

Fig. 1 Overview of sphingolipids metabolism. Ceramide generation can arise from the de novo

synthesis pathway and/or the hydrolysis of membrane sphingomyelin by various

sphingomyelinases. Ceramide can be transformed in different metabolic intermediates such as

ceramide-1-phosphate, glucosylceramide, galactosylceramide, or sphingosine-1-phosphate.

CDase ceramidase, CerK ceramide kinase, GCS glucosylceramide synthase, GCase glucosyl-

ceramidase, SK sphingosine kinase, SMase sphingomyelinase
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Since a network of specialized and compartmentalized enzymes regulates the

levels of ceramide, ceramide metabolites are produced in distinct localization and

have different functions. For example, an important metabolite of ceramide is

ceramide-1-phosphate (C1P). This metabolite is described as mitogenic and

antiapoptotic. It is formed from ceramide by the action of a specific ceramide

kinase (CerK), which is distinct from the sphingosine kinases (SK1 and SK2) that

synthesize sphingosine-1-phosphate (S1P). CerK is localized in three major

compartments: the Golgi complex, the plasma membrane, and cytoplasmic vesicles

(Bornancin 2011). C1P blocks apoptosis in bone-marrow-derived macrophages

through inhibition of ASMase, thereby reducing ceramide generation (Gómez-

Muñoz et al. 2004). CerK mRNA level is upregulated in estrogen receptor (ER)-

negative breast cancer tumors in comparison with ER-positive ones (Ruckhäberle

et al. 2009). Moreover, CerK is upregulated in several hepatoma cell lines and

knockdown of CerK increases susceptibility to UV-induced apoptosis (Hsieh et al.

2009). Specific inhibition of CerK by NVP-231 in combination with tamoxifen

increases ceramide levels and reduces cell growth (Graf et al. 2008).

Like many products of sphingomyelin, S1P exhibits a wide range of biological

activities. It is a pleiotropic lipid mediator that has been shown to regulate cell

growth, cell survival, cell invasion, vascular maturation, and angiogenesis, pro-

cesses that are important for cancer progression (Olivera and Spiegel 1993;

Cuvillier et al. 1996). However, S1P may have opposing roles depending on

synthesis via SK1 and SK2 and subcellular localization, since SK1 is localized

mainly in the cytosol, whereas SK2 is present in several intracellular compartments

(nucleus, mitochondria, and intracellular membranes). In fact, S1P synthesized by

SK1 is involved in proliferative signaling (Taha et al. 2006), whereas S1P

synthesized by SK2 is described as an antiproliferative and apoptotic mediator

(Maceyka et al. 2005).

In summary, ceramide and sphingosine are very often involved in apoptosis,

cell-cycle arrest, and cell senescence, whereas sphingosine-1-phosphate and cer-

amide-1-phosphate promote cell survival, proliferation, and inflammation. The

balance between these sphingolipids may affect the fate of the cell.

3 Sphingolipids and Sensitivity to Chemotherapy

Ceramide is composed of sphingosine linked to a fatty acyl chain varying in length

from 16 to 26 carbon atoms (Mimeault 2002; Pettus et al. 2002; Ogretmen and

Hannun 2004; Zheng et al. 2006). These distinct ceramides have different role in

apoptosis, differentiation, and cell growth depending on stimulus and cell context.

A number of cytotoxic agents appear to be effective because of their ability to

activate ceramide-mediated pathways in cancer cells. Daunorubicin and 1-beta-D

arabinofuranosylcytosine (Ara-C) are the first two anticancer agents to induce

apoptosis via the generation of ceramide (Bose et al. 1995; Strum et al. 1994;

Jaffrézou et al. 1996). Many other chemotherapeutic drugs are shown to produce
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ceramide: vincristine (Zhang et al. 1996), vinblastine (Cabot et al. 1999), etoposide

(Tepper et al. 1999), paclitaxel (Charles et al. 2001), irinotecan (Suzuki et al. 1997),

mitoxantrone (Bettaieb et al. 1999), and cisplatin (Lacour et al. 2004). And more

recently, it was shown that arsenic trioxide induces accumulation of cytotoxic

levels of ceramide in acute promyelocytic leukemia and adult T-cell leukemia/

lymphoma cells (Dbaibo et al. 2007). As reported in many studies, chemotherapy

can impact ceramide metabolism by promoting ceramide synthesis de novo, by

activating sphingomyelinase, and/or by blocking glucosylceramide formation. In

each case, the result is an increase in ceramide-induced cytotoxic response.

4 Ceramide Synthases

The role of ceramide synthases as targets for chemotherapeutic drugs is currently

emerging. Ceramide synthases (CerS) differ by their specificity for the generation

of endogenous ceramides with distinct fatty acid chain lengths (Spassieva et al.

2006). Particularly, CerS1/4 mainly generates ceramide with a C18-containing fatty

acid chain (C18-ceramide) (Venkataraman et al. 2002), CerS2 rather generates very

long chain ceramides (C24-ceramide) (Laviad et al. 2008; Mizutani et al. 2005),

whereas CerS5/6 preferentially mediates the generation of C16-ceramide and, to a

lesser extent, C12- and C14-ceramides (Riebeling et al. 2003). Myeloid leukemia

cells treated with daunorubicin exhibit ceramide accumulation via activation of

CerS and inhibition of ceramide synthase with fumonisin B1 prevents

daunorubicin-induced apoptosis (Bose et al. 1995). Activation of CerS is also

observed in response to various cytotoxic agents including lymphotoxin, TNF,

camptothecin, doxorubicin, Taxol, oxidative stress, and androgen ablation (Plo

et al. 1999; Xu et al. 1998; Rath et al. 2009; Ueda et al. 2001; Eto et al. 2003).

Expression of CerS1 sensitizes cancer cells to several chemotherapeutic agents

including cisplatin, gemcitabine, doxorubicin, imatinib, and vincristine (Min et al.

2007; Senkal et al. 2007; Baran et al. 2007), and small interfering RNA directed

against CerS1 reduces the effects of these drugs. CerS1 mRNA and enzymatic

activity is increased in HSNNC cells upon treatment with gemcitabine and doxoru-

bicin leading to C18-ceramide generation and cell death (Senkal et al. 2007). In

addition, CerS5 seems to increase the sensitivity of mammalian cells to doxorubicin

and vincristine but not to cisplatin and carboplatin (Min et al. 2007). And

overexpression of CerS6 in resistant cells resensitized them to TRAIL-induced

apoptosis via increased C16-ceramide (White-Gilbertson et al. 2009). Cannabinoids

lead to transcriptional induction of CerS3 and CerS6 and generation of C16, C18,

C24, and C24:1-ceramides inducing cell death in lymphoma cells (Gustafsson et al.

2009), and knockdown of CerS6 expression abolishes activation of CD95 and

significantly reduces toxicity of vorinostat combined with sorafenib in hepatoma

and pancreatic carcinoma cells (Park et al. 2010). On the other hand, CerS2 and

CerS4 levels seem to have no effects on cell response to cytotoxic drugs.
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5 Sphingomyelinases

Several studies indicate a role of ASMase in chemotherapy-induced ceramide

generation (Pettus et al. 2002; Ogretmen and Hannun 2004), particularly after

treatment with gemcitabine, fenretinide, and paclitaxel (Modrak et al. 2004;

Lovat et al. 2004). The hydrolysis of SM by ASMase produces ceramide in specific

membrane domains termed lipid rafts (Liu and Anderson 1995), resulting in the

formation of large ceramide-enriched membrane platforms where membrane

receptors are clustered (Grassmé et al. 2001, 2002). Sub-toxic doses of doxorubicin

result in ASMase activation, release of ceramide, and formation of ceramide-

enriched membrane platforms that facilitate DR5 clustering after treatment with

very low doses of TRAIL in BJAB Burkitt lymphoma cell line and murine

T splenocytes (Dumitru et al. 2007). In addition, ceramide and ASMase are also

important in the induction of apoptosis by other antineoplastic agents such as

rituximab (Bezombes et al. 2004) and TRAIL (Dumitru and Gulbins 2006), and

overexpression of ASMase sensitizes glioma cells to doxorubicin and gemcitabine

(Grammatikos et al. 2007). Similar mechanisms are described after treatment with

cisplatin which can induce a redistribution of CD95 death receptor in lipid rafts of

human colon cancer cells (Lacour et al. 2004). Few minutes after treatment, the

sodium-proton exchanger-1 NHE1 located at the plasma membrane is inhibited,

leading to an intracellular acidification which facilitates the activation of ASMase.

Then, this enzyme hydrolyzes membrane sphingomyelin into ceramide, allowing

the aggregation of lipid rafts into large signaling platforms in which CD95 death

receptors are oligomerized, inducing cell death (Rebillard et al. 2007). Concomi-

tantly, an increase in membrane fluidity is measured early after cisplatin treatment

by electron paramagnetic resonance which could be related to the ability of

ceramide to induce membrane fusion/fission (Cremesti et al. 2002; Dimanche-

Boitrel et al. 2005; Rebillard et al. 2008a). A pretreatment with imipramine, an

inhibitor of ASMase, or reduced expression of ASMase by RNA interference

strongly reduces cisplatin-induced apoptosis in human colon cancer cells,

suggesting a main role of ceramide in cell death. In the same way, cisplatin early

activates ASMase in breast cancer cells, leading to ceramide production (Zeidan

et al. 2008). These data confirm the important involvement of ceramide pathway in

apoptosis induction (Gulbins and Grassmé 2002; Gulbins and Kolesnick 2003;

Gulbins and Li 2006). Moreover, reactive oxygen species (ROS) seem to be

involved in ASMase activation by fenretinide, doxorubicin, and TRAIL (Lovat

et al. 2004; Dumitru and Gulbins 2006; Grammatikos et al. 2007), as demonstrated

by the use of ROS scavengers. Consistent with this, a mechanism implicating ROS

in ASMase activation is characterized in vitro with the oxidation of the cysteine

residue 629 in purified ASMase, leading to activation and dimerization of the

enzyme (Qiu et al. 2003). However, the role of ASMase in response to chemother-

apy has been mainly studied on in vitro cellular models, and the precise
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mechanisms of its action in vivo remain not well defined. A recent work points out

that in a Niemann–Pick disease (NPD; type B) patient who developed a marginal

zone lymphoma, rituximab is still acting, suggesting that ASMase is dispensable for

rituximab efficacy (Sabourdy et al. 2011). Further studies are needed to confirm the

role of ASMase in response to chemotherapy in cancer patients. The role of

ASMase is not limited to tumors since this enzyme is also involved in deleterious

effects induced by anticancer drugs in normal tissues. Doxorubicin induces

ASMase-dependent oocyte lethality, which is responsible for sterility (Morita

et al. 2000). In the same way, as irradiation (Paris et al. 2001), cisplatin induces

apoptosis of endothelial cells in small intestine leading to the gastrointestinal (GI)

syndrome which is not observed in ASMase-knockout mice (Rebillard et al.

2008b). Moreover, cisplatin triggers dendritic cells (DC) apoptosis through

increased expression and activation of ASMase, limiting the use of chemoimmu-

notherapy in cancer treatment. However, the ex vivo nitric oxide (NO) donors

treatment protects DC from cisplatin toxicity and enhances tumor regression in B16

mouse melanoma model and animal survival following cisplatin treatment (Perrotta

et al. 2007). As previously described, daunorubicin triggers the release of ceramide

in leukemic cells through the activation of NSMases (Mansat et al. 1997; Mansat-de

Mas et al. 1999) and this activation is mediated by both serine proteases, protein

kinase C, and ROS, resulting in the consecutive activation of Jun-N-terminal

kinases (JNK). Another chemotherapeutic agent, 1-beta-D-arabinofuranosyl-

cytosine (Ara-C), is shown to rapidly enhance NSMases activation in leukemia

cells (Whitman et al. 1997; Strum et al. 1994) by altering the cellular redox status.

Ceramide generation activates the Src-like tyrosine kinase Lyn and JNK to mediate

apoptosis (Bezombes et al. 2001; Grazide et al. 2002). Consistent with the proposed

proapoptotic role of NSMases and NSMase-generated ceramide, NSMase3 expres-

sion is induced upon Adriamycin treatment and its overexpression sensitizes cells

to Adriamycin (Corcoran et al. 2008). Further, daunorubicin transcriptionally

regulates neutral sphingomyelinase 2 in human breast cancer cell lines, leading to

an increased ceramide production and cell death (Ito et al. 2009).

6 Sphingolipid and Chemoresistance

As well known, the main obstacle against cancer therapy is the development of drug

resistance resulting in chemotherapy failure. A possible mechanism to overcome

this drug resistance is modulation of the sphingolipid metabolism.

Among the sphingolipids, S1P seems to be a key regulator of chemoresistance.

As previously described, S1P is generated by the conversion of ceramide to

sphingosine by ceramidase and the subsequent rapid phosphorylation of sphingo-

sine to S1P, which is catalyzed by sphingosine kinase.
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7 Sphingosine Kinases

High expression of sphingosine kinase-1 SK1 and S1P is observed in many types of

cancers such as gastric, lung, colon, breast, uterus, and kidney (Kawamori et al.

2009; Visentin et al. 2006). SK1 activity is increased 2.5-fold in endometrial tumors

compared with healthy sections, and S1P levels are 1.6-fold higher in cancer

tissues. In breast tumors samples, elevated SK1 expression is correlated with poor

prognosis and promotion of metastasis (Ruckhäberle et al. 2008). Moreover, SK1

increases RAS V12-dependent transformation of NIH3T3 fibroblasts to form fibro-

sarcoma cells, demonstrating for the first time the role of SK1 in cancer transfor-

mation (Xia et al. 2000). Targeting SK1 induces apoptosis and suppresses growth of

human glioblastoma cells and xenografts (Kapitonov et al. 2009). S1P and SK1 are

involved in resistance to apoptosis induced by CD95, ceramide, (Bektas et al. 2005)

and a myriad of other stimuli such as camptothecin, gemcitabine, imatinib, and

Taxol. Cancer cell lines that are resistant to chemotherapeutic agents have a high

expression of SK1 and SP1, such as prostate cancer cells that are resistant to

camptothecin (Akao et al. 2006; Pchejetski et al. 2005), pancreatic cancer cells

resistant to gemcitabine (Guillermet-Guibert et al. 2009), and chronic myeloid

leukemia (CML) cells that are resistant to imatinib (Baran et al. 2007). Imatinib-

sensitive CML cells and daunorubicin-sensitive leukemia cells have a higher

ceramide/S1P ratio than their chemotherapeutic resistant counterparts (Baran

et al. 2007; Sobue et al. 2008). The involvement of SK1 in drug resistance is also

established in breast cancer cells. SK1 overexpression causes promotion of cell

proliferation and resistance to tamoxifen-induced apoptosis, and the inhibition of

SK1 by a specific inhibitor induces the resensitization of breast cancer cells to

tamoxifen-induced apoptosis (Sukocheva et al. 2009). In contrast, the role of SK2 is

much less known. Whereas, endogenous SK2 also promotes survival by direct

involvement of S1P (Hait et al. 2009), its enforced overexpression suppresses cell

growth and enhances apoptosis and sensitivity to doxorubicin (Liu et al. 2003;

Sankala et al. 2007). However, colon cancer cells with high SK1 and SK2 expres-

sion were resistant to oxaliplatin (L-OHP), and inhibition of both SK isoenzymes

renders the colon cancer cells sensitive to L-OHP (Nemoto et al. 2009).

8 Ceramidases

Due to their ability to break down ceramide to regulate sphingosine and S1P levels,

acid, neutral, and alkaline ceramidases (Canals et al. 2011) are important regulators

of cell survival (Mao and Obeid 2008). Human acid ceramidase is overexpressed in

prostate cancer (Seelan et al. 2000). Overexpression of acid ceramidase in prostate

cancer cell line DU145 or in fibrosarcoma cell line L929 elevates resistance to

chemotherapy (Saad et al. 2007) or TNF-α (Strelow et al. 2000), respectively. On

the contrary, downregulation of acid ceramidase sensitizes A375 melanoma cells to

dacarbazine (Bedia et al. 2011). Moreover, addition of acid ceramidase inhibitors,
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B13 or N-oleoyl ethanolamine, induces apoptosis in prostate and colon cancer cell

lines and xenografts (Samsel et al. 2004; Holman et al. 2008; Selzner et al. 2001) or

overcomes TNF-α resistance (Strelow et al. 2000), respectively. In the same way,

overexpression of neutral ceramidase confers resistance of primary hepatocytes to

TNF-α and protection against TNF-α-induced liver damage (Osawa et al. 2005).

9 Glucosylceramide Synthase and Gangliosides

Other dysfunctions in ceramide metabolism also contribute to multidrug resistance.

Specifically, ceramide glycosylation by the glucosylceramide synthase (GCS),

which forms the metabolite glucosylceramide, may be an important pathway for

bypassing apoptosis. Tumors from patients who fail to respond to chemotherapy

express elevated glucosylceramide levels (Lucci et al. 1998) as well as a human

ovarian adenocarcinoma cell line established from a patient resistant to doxorubi-

cin, melphalan, and cisplatin. A number of drug-resistant cancer cell lines accumu-

late this noncytotoxic metabolite (Lavie et al. 1996). Drug-resistant breast cancer

cells and cutaneous cancer cells have higher levels of glucosylceramide than their

drug-sensitive counterparts. The level of GCS activity may determine the multidrug

resistance phenotype in cancer cells. The introduction of GCS gene into drug-

sensitive breast cancer cell lines results in an 11-fold higher level of GCS activity,

leading to resistance to doxorubicin, exogenous ceramide (Liu et al. 1999a), and

TNF-α-induced cell death (Liu et al. 1999b). This process seems to be related to

hyperglycosylation of ceramide and not to changes in the levels of P-glycoprotein,

Bcl-2, or TNF receptor-1 expression. However, recent data demonstrated that

knockdown of GCS expression significantly inhibits the expression of MDR1, a

gene encoding for P-glycoprotein (P-gp), and reverses drug resistance (Gouazé

et al. 2005; Gouazé-Andersson et al. 2007). On the contrary, overexpression of GCS

increases P-gp expression and resistance acquisition in breast cancer cells (Gouazé

et al. 2004; Liu et al. 2010). Interestingly, P-gp is proposed as a specific transporter

for glucosylceramide, translocating this molecule across the Golgi to deliver it for

the synthesis of glycosphingolipids (De Rosa et al. 2004). Thus, P-gp and GCS

appear to function in the same pathway of ceramide/GlcCer metabolism, and this

may provide an important link for the function of GCS in drug resistance. These

data are consistent with an earlier study demonstrating that the inhibition of P-gp

prevents GCS activity and alters glucosylceramide levels (Goulding et al. 2000).

Additionally, P-gp overexpressing cells have an increased accumulation of

glucosylceramide (Gouazé et al. 2004; Morjani et al. 2001) which is the precursor

for the generation of complex glycosphingolipids and gangliosides (Futerman and

Hannun 2004). Most gangliosides are known to protect cells from apoptosis (Bektas

and Spiegel 2004). For example, GM1 could prevent cell death in growth factor-

deprived neuronal cells (Ferrari et al. 1995), could enhance S1P production in rat

heart fibroblasts through the activation of sphingosine kinase, and could protect

cells from C2-ceramide or staurosporine-induced cell death (Cavallini et al. 1999).
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Moreover, gangliosides GM2 and GM3 have been associated with multidrug

resistance phenotype in cancer cells (Gouazé-Andersson and Cabot 2006).

10 Conclusion and Future Directions

Experimental evidence suggests that there is an alteration of ceramide contents and

of the expression of enzymes involved in sphingolipid metabolism in several

cancers that contributes to cancer therapy resistance. In fact, the roles of

sphingolipids in the regulation of response to chemotherapy are demonstrated in

various cellular models but need to be further studied in cancer patients. As

described, chemotherapy induces ceramide generation via activation of several

enzymes in different subcellular localizations (plasma membrane, reticulum endo-

plasmic, nuclear membrane, and mitochondria-associated membranes). Moreover,

different ceramide species could be generated with distinct biological properties

showing the complexity of cell response to chemotherapy. Therefore, ceramide

analogues, modulators of sphingolipids metabolism, inhibitors of SK or CerK,

might be exploited for the development of new therapeutic cancer strategies via

the increase in ceramide levels. Such therapeutic strategies based on the modulation

of ceramide level in tumors have already been the subjects of novel patents

(Dimanche-Boitrel et al. 2011). However, further studies are needed to better

understand the role of sphingolipid metabolism in drug resistance in patients and

to elaborate new therapeutic strategies by comparing their toxicity in malignant and

normal tissues using conventional methods of biochemistry and molecular biology

and also more complex approaches such as lipidomics and bioinformatics.
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Gouazé V, Yu JY, Bleicher RJ, Han TY, Liu YY,Wang H, GottesmanMM, Bitterman A, Giuliano

AE, Cabot MC (2004) Overexpression of glucosylceramide synthase and P-glycoprotein in

cancer cells selected for resistance to natural product chemotherapy. Mol Cancer Ther

3:633–639
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Gulbins E, Grassmé H (2002) Ceramide and cell death receptor clustering. Biochim Biophys Acta

1585:139–145

Gulbins E, Kolesnick R (2003) Raft ceramide in molecular medicine. Oncogene 22:7070–7077

Gulbins E, Li PL (2006) Physiological and pathophysiological aspects of ceramide. Am J Physiol

Regul Integr Comp Physiol 290:R11–26

Gustafsson K, Sander B, Bielawski J, Hannun YA, Flygare J (2009) Potentiation of cannabinoid-

induced cytotoxicity in mantle cell lymphoma through modulation of ceramide metabolism.

Mol Cancer Res 7:1086–1098

Hait NC, Allegood J, Maceyka M, Strub GM, Harikumar KB, Singh SK, Luo C, Marmorstein R,

Kordula T, Milstien S, Spiegel S (2009) Regulation of histone acetylation in the nucleus by

sphingosine-1-phosphate. Science 325:1254–1257

Hannun YA (1994) The sphingomyelin cycle and the second messenger function of ceramide.

J Biol Chem 269:3125–3128

Holman DH, Turner LS, El-Zawahry A, Elojeimy S, Liu X, Bielawski J, Szulc ZM, Norris K,

Zeidan YH, Hannun YA, Bielawska A, Norris JS (2008) Lysosomotropic acid ceramidase

inhibitor induces apoptosis in prostate cancer cells. Cancer Chemother Pharmacol 61:231–242

Hsieh SY, Hsu CY, He JR, Liu CL, Lo SJ, Chen YC, Huang HY (2009) Identifying apoptosis-

evasion proteins/pathways in human hepatoma cells via induction of cellular hormesis by UV

irradiation. J Proteome Res 8:3977–3986

Hueber AO, Bernard AM, Herincs Z, Couzinet A, He HT (2002) An essential role for membrane

rafts in the initiation of Fas/CD95-triggered cell death in mouse thymocytes. EMBO Rep

3:190–196

Ito H, Murakami M, Furuhata A, Gao S, Yoshida K, Sobue S, Hagiwara K, Takagi A, Kojima T,

Suzuki M, Banno Y, Tanaka K, Tamiya-Koizumi K, Kyogashima M, Nozawa Y, Murate T

(2009) Transcriptional regulation of neutral sphingomyelinase 2 gene expression of a human

breast cancer cell line, MCF-7, induced by the anti-cancer drug, daunorubicin. Biochim

Biophys Acta 1789:681–690
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Ruckhäberle E, Rody A, Engels K, Gaetje R, von Minckwitz G, Schiffmann S, Grösch S,

Geisslinger G, Holtrich U, Karn T, Kaufmann M (2008) Microarray analysis of altered

sphingolipid metabolism reveals prognostic significance of sphingosine kinase 1 in breast

cancer. Breast Cancer Res Treat 112:41–52

Rylova SN, Somova OG, Dyatlovitskaya EV (1998) Comparative investigation of sphingoid bases

and fatty acids in ceramides and sphingomyelins from human ovarian malignant tumors and

normal ovary. Biochemistry 63:1057–1060

Saad AF, MeachamWD, Bai A, Anelli V, Elojeimy S, Mahdy AE, Turner LS, Cheng J, Bielawska A,

Bielawski J, Keane TE, Obeid LM, Hannun YA, Norris JS, Liu X (2007) The functional effects of

acid ceramidase overexpression in prostate cancer progression and resistance to chemotherapy.

Cancer Biol Ther 6:1455–1460

Sabourdy F, Selves J, Astudillo L, Laurent C, Brousset P, Delisle MB, Therville N, Andrieu-

Abadie N, Ségui B, Recher C, Levade T (2011) Is active acid sphingomyelinase required for

the antiproliferative response to rituximab? Blood 117:3695–3696

Samsel L, Zaidel G, Drumgoole HM, Jelovac D, Drachenberg C, Rhee JG, Brodie AM, Bielawska A,

Smyth MJ (2004) The ceramide analog, B13, induces apoptosis in prostate cancer cell lines and

inhibits tumor growth in prostate cancer xenografts. Prostate 58:382–393
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Abstract Sphingolipids play key roles in cancer, yet our current understanding of

sphingolipid function in lung cancer is limited to a few key players. The best

characterized of these are sphingosine-1-phoshate and ceramide which are

described for their opposing roles in cell fate. However, because sphingolipids as

a whole are readily interconverted by a complex enzymatic machinery, no single

sphingolipid appears to have exactly one role. Instead, the roles of specific

sphingolipids appear to be context specific as demonstrated by findings that

ceramide-1-phosphate has both proliferative and apoptotic effects depending on
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its concentration. Therefore, we present herein several years of research on

ceramide, a sphingolipid linked to apoptotic signaling, that is emerging in cancer

research for its potential roles in proliferation and cell-to-cell communication via

exosomes.

Ceramide is a well-studied sphingolipid in both normal and pathological

conditions ranging from skin development to lung cancer. Interestingly, several

groups have previously reported its increased levels in emphysema patients who are

smokers, a patient subpopulation greatly susceptible to lung cancer. However, the

molecular mechanisms through which cigarette smoke (CS) and ceramide accumu-

lation lead to lung cancer, non-small cell lung cancer (NSCLC) specifically, are

unknown.

Interestingly, recent studies clearly establish that two signaling pathways are

activated during CS exposure in the lung airway. One centers on the activation of

neutral sphingomyelinase2 (nSMase2), an enzyme that hydrolyzes sphingomyelin

to ceramide. The other pathway focuses on the oncogenic EGF receptor (EGFR),

which becomes aberrantly activated but not degraded, leading to prolonged

proliferative signaling. Recent studies show that these two signaling pathways

may actually converge and integrate. Specifically, Goldkorn et al. demonstrated

that during CS exposure, EGFR is favorably co-localized in ceramide-enriched

regions of the plasma membrane, proposing that nSMase2/ceramide plays a role in

the aberrant EGFR activation, leading to augmented tumorigenic signaling. More-

over, new findings indicate that CS exposure may induce resistance to the tyrosine

kinase inhibitors (TKIs), used for treatment of NSCLC, merely through posttrans-

lational molecular alterations. Furthermore, structural anomalies of the

CS-activated EGFR appear to be supported by the excess ceramide produced by

the CS-activated nSMase2 in the plasma membrane of lung epithelial cells.

We present in this chapter the progression of the sphingolipid field in lung cancer

using ceramide as an example. However, many crucial questions remain to be

answered regarding the role of sphingolipids in lung cancer because of the glut of

promising observations.

Keywords Sphingolipids • Lung cancer and injury • Ceramide • EGFR • Neutral

sphingomyelinase 2 • Cigarette smoke • Oxidative stress

1 Introduction

It is well established that sphingolipids play crucial roles in a number of biological

processes, including cell survival, proliferation, and apoptosis of many cell types.

Consistently, it has been demonstrated that several different sphingolipids

and sphingolipid-metabolizing enzymes are critical regulators of cancer cell fate.

However, as of this moment, very little is known about the role of sphingolipids in

lung cancer development; therefore, much more research and better models are

required.
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Indeed, despite the potential role of sphingolipids in several aspects of

lung cancer biology such as cell growth and death, metastasis, and interaction/

communication between cancer cells and their microenvironment, only a few

fragmented investigations have been carried out to date. We present herein these

studies together with our vision of the ceramide-generating machinery as a very

promising, challenging, and still mostly undefined field of research that could lead

to a paradigm shift and a better understanding of lung cancer. Particular emphasis is

given to the potential function of ceramide in the context of smoking-related lung

tumorigenesis, as tobacco smoking is the most prominent cause of lung cancer.

2 The Ceramide-Generating Machinery as the Center

of Sphingolipids Biology

Among the sphingolipids, ceramide has been one of the most studied compounds

because it represents the core of the complex machinery, often referred to as “the

ceramide-generating machinery,” which allows the conversion of one type of

sphingolipid to another. Indeed, ceramide can be generated via at least

three different pathways, namely, de novo, salvage, and sphingomyelin

hydrolysis pathway (Mullen et al. 2011; Wu et al. 2010). At the same time,

ceramide represents the main hub that provides many other sphingolipids, such

as ceramide-1-phosphate, sphingosine, sphingosine-1-phosphate (S1P), and

sphingomyelin, each of which can be involved in many and different biological

processes (Hannun and Obeid 2011; Maceyka et al. 2012; Merrill 2011; Morales

et al. 2007; Ponnusamy et al. 2010).

To date, the best-characterized sphingolipids in cancer cell fate are ceramide and

S1P. These two lipids have been “canonically” described as harboring opposite

roles in driving cell fate: ceramide often described as a pro-apoptotic or “tumor

suppressor lipid” and S1P as pro-survival/-proliferation or “oncogenic lipid”

(Oskouian and Saba 2010). However, this certainly oversimplifies the complex

enzymatic machinery controlling sphingolipids biology, where activation of

specific enzymes can rapidly alter the balance between ceramide and S1P as well

as trigger their conversion to several other bioactive ones. Moreover, recent

evidences suggested that just amongst ceramides, different lengths of the fatty

acid constituents of ceramide are associated with opposite effects on cell fate. For

instance, it has been shown in various cancer models that C(16)-ceramide increases

tumor growth, while C(18)-ceramide suppresses it (Ponnusamy et al. 2010),

suggesting that different ceramide synthases may lead to opposite outcomes

of cell fate.

Thus, it is important to point out that the effect of sphingolipids, particularly of

ceramides, on cell fate (and thus on cancer growth/death) is the combined effect of

several interconvertible sphingolipids which are regulated in distinct subcellular

compartments, executing distinct cellular functions (Hannun and Obeid 2011).
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3 Sphingolipids in Lung Cancer: A Field that Needs Research

and Discovery

Our understanding of sphingolipids’ role in lung cancer is still very limited and

fragmented, perhaps suffering from the lack of suitable in vivo models to assess the

long-term effects of certain sphingolipids or sphingolipid-regulating enzymes on

tumor growth. Most studies on sphingolipids and lung cancer were performed

in vitro, investigating short-term effects of sphingolipids on cell proliferation and

apoptosis of lung cancer cell. Mitra et al. (2007) showed in A549 lung adenocarci-

noma cells that ceramide-1-phosphate (C1P) can have either proliferative and

pro-survival effects during serum starvation or pro-apoptotic effects depending on

the concentration: low concentrations (<5 μMC1P) leading to proliferation, whereas

high concentration (>5 μMC1P) causing apoptosis. In this study, Mitra et al. claimed

that the cytotoxic effects of high C1P levels were due to ceramide accumulation,

generated by dephosphorylation of C1P. On the other hand, the proliferative effects

of C1P low concentration were attributed to reduced cell ceramide levels, possibly

caused by inhibition of a sphingomyelinase (Gomez-Munoz et al. 2004; Mitra et al.

2007). Importantly, this study also showed that ceramide kinase expression directly

correlated with enhanced cell growth. This strongly supports the notion that

sphingolipids can be rapidly converted amongst themselves and that their overall

effect on cell fate was a function of the prevailing sphingolipid-controlling enzymes

that become activated (or inhibited) in a certain context.

Consistent with this idea, de Molina et al. (2012) reported that the conversion of

ceramide to sphingosine by acid ceramidase is a mechanism regulating non-small

cell lung cancer (NSCLC) resistance to targeted therapy (choline kinase-α
inhibitors) despite an initial increase in ceramide levels. Importantly, this study

highlights how sphingolipids can be critically involved in modulating lung

cancer therapy resistance. Indeed, Schnitzer et al. (2009) recently showed that

enhanced sphingosine kinase 2 expression, activity, and subsequent upregulation

of sphingosine-1-phosphate (S1P) are part of the stress response to hypoxia in A549

cells, which was not only essential for cell viability but also protected cells from

chemotherapy (etoposide)-induced apoptosis.

In the past, Inokuchi et al. (1990) proposed a potential role for several

glycosphingolipids (glucosylceramide, lactosylceramide, ceramide trihexoside,

globoside, and ganglioside GM3) in lung cancer, finding that glucosylceramide

synthase contributes to metastatic spreading of Lewis lung carcinoma. Moreover,

a recent study by Yamada et al. provides important evidence supporting both the role

of sphingolipids in lung cancer growth and metastasis and the potential for effective

therapeutic intervention by targeting sphingolipids. Their study showed high

expression of the glycosphingolipid ganglioside GM2 (monosialic ganglioside 2)

in small-cell lung cancer (SCLC) human specimens and, using an in vivo tumor

xenograft mouse model, demonstrated that an anti-GM2 antibody-based therapy

could block SCLC metastases and increase cancer cell apoptosis, thereby

96 T. Goldkorn et al.



prolonging the mouse’ survival (Yamada et al. 2011). However, as of yet, there are

no molecular mechanisms explaining this observation.

Adding a level of complexity, many pathways can be activated downstream of

bioactive sphingolipids which appear to be context specific. For instance,

Mukhopadhyay et al. (2009) showed that membrane C(18)-ceramide can mediate

its pro-apoptotic effects in lung cancer cells via its binding partner protein phos-

phatase 2A (PP2A), whose function is upstream of c-Myc degradation, thereby

presenting antiproliferation effects. These findings are in line with earlier studies

from the same group (Ogretmen and colleagues) showing that exogenous adminis-

tration of C(6)-ceramide to A549 cells could inhibit both c-Myc and telomerase

activity which are important for proliferation (Ogretmen et al. 2001). However,

there could be many reasons why this PP2A-dependent apoptotic pathway is not

undertaken or is not prevalent. For instance, Mukhopadhyay et al. (2009) also

reported that okadaic acid treatment could completely counteract c-Myc degrada-

tion following exposure of A549 cells to exogenous (“pro-apoptotic”) ceramide.

Furthermore, this PP2A-dependent pathway relies on both low levels of its endog-

enous inhibitor I2PP2A and a functional PP2A. Since it has been shown that PP2A

is inhibited by oxidative stress (Foley et al. 2007) and given that oxidative stress is

a common denominator of many lung diseases and lung cancer, it is easy to

envision that this PP2A-dependent apoptotic trigger would fail in lung cancer

(Esme et al. 2008), particularly in the context of smoking-related lung cancer.

Currently, much more research is needed to understand the role of sphingolipids

in lung cancer. Moreover, future research should be oriented toward identifying

bioactive sphingolipids in vivo: namely, models of lung cancer that better mimic

the conditions where human lung cancer initiates and progresses.

To this extent, our group has been committed to investigate the cell signaling

events initiated in lung epithelial cells exposed to cigarette smoke-induced oxidative

stress, a model relevant to both smoking-induced lung injury and lung cancer (Filosto

et al. 2011a; Goldkorn et al. 2005). Therefore, we will provide our perspective on

sphingolipids research, with particular focus on ceramide signaling, in lung cancer.

4 Cigarette Smoke-Induced Lung Cancer and Lung Injury

Despite the well-documented dangers of smoking, millions of smokers continue to

puff away every day, each puff containing roughly 5,000 toxic compounds that

include 1015 free radicals such as hydrogen peroxide (H2O2) and hydroxyl and

organic radicals in the gaseous phase (Church and Pryor 1985). Toxic oxidants in

cigarette smoke have a detrimental effect on epithelial cells lining the airway and

contribute to several lung pathological conditions including emphysema and bron-

chitis [jointly known as chronic obstructive pulmonary disease (COPD)], which

are injury-related lung diseases, and lung cancer. Indeed, tobacco smoking is the

major risk for developing lung cancer, causing approximately 80–90 % of all cases

(Alberg and Samet 2003).
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Interestingly, several prospective clinical studies over the years show that lung

cancer incidence becomes significantly increased in COPD patient populations

despite that lung injury and lung cancer are apoptosis dominant and proliferation

dominant, respectively. For instance, de Torres et al. (2007) reported that in their

5-year prospective cohort of former and current smokers, individuals with emphy-

sema were more likely to develop lung cancer than those without emphysema.

Moreover, individuals with both emphysema and airway obstruction were at an

even higher risk than those with neither conditions alone (de Torres et al. 2007).

Similarly, studies by Caballero et al. (2008) convincingly reported that even the

existence of some low-grade emphysema without noticeable airflow obstruction is

associated with significantly elevated risk of lung cancer.

Thus far, clinical data demands novel mechanistic insight into how apoptosis-

dominant lung injury leads to proliferation-dominant lung cancer. Indeed, both

smoking-induced lung injury and lung cancer, though originating from opposing

phenotypes at the cellular level, may actually share common molecular mechanisms

that underlie both pathologies and explain their clinical association. To respond to
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Fig. 1 Cigarette smoke (CS)-induced oxidative stress concomitantly generates ceramide which

mediates apoptotic signaling and activates the epidermal growth factor receptor (EGFR) which

mediates proliferative signaling. Though CS-induced lung injury is initially dominant, epidemio-

logical studies suggest smoking-related lung cancer becomes promoted in this environment
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this major problem, we discuss herein the potential role for ceramide generation as

a signaling event in both lung injury and lung cancer (Fig. 1).

5 Cigarette Smoke-Generated Oxidative Stress and Ceramide

Generation in Airway Epithelial Cells

Epithelial cells lining both the lung main airways and the terminal alveoli represent

the lung’s first line of defense and thus are extensively exposed to reactive oxidants

such as those present in the gas phase of CS. Over the last 15 years in our laboratory,

we have been investigating the cell signaling events initiated in human airway

epithelial (HAE) cells during CS exposure, leading to either apoptosis (hallmark of

injury) or proliferation (hallmark of cancer).

Studies by Goldkorn et al. in the direction of oxidative stress-induced lung injury

addressed whether HAE cells undergo apoptosis when exposed to micromolar

concentrations ofH2O2 and, subsequently,whether this process ismediated by ceramide

generation (Chan and Goldkorn 2000; Goldkorn et al. 1998). Both a dose-dependent

(50–250 μM H2O2) and a time-dependent relationship were observed between H2O2

exposure and increased cellular ceramide levels and subsequent apoptosis. This initial

model for H2O2-induced cellular ox-stress and ceramide generation consisted of direct

exposures of airway epithelial cells to H2O2, glutathione (GSH), or both by media

supplementation (Khan et al. 2006; Lavrentiadou et al. 2001; Ravid et al. 2003). Even

though these early studies undertook a reductionist, simplified approach, both scenarios

were relevant to the lung epithelium.

H2O2 is a ubiquitous molecule that is freely miscible and able to cross cell

membranes readily and is present in several air pollutants, including the vapor

phase of tobacco smoke (Khan et al. 2008). It is detected in exhaled air of humans

(Williams and Chance 1983), and the amounts of exhaled H2O2 appear greater in

subjects with pulmonary disease (Sznajder et al. 1989) and in cigarette smokers

(Nowak et al. 1996). In addition, it was shown that either administration of exoge-

nous H2O2 or enhancement of endogenously generated H2O2 was effective in

depleting cellular GSH and initiating ceramide generation and apoptosis events

(Ravid et al. 2003).

Interestingly, later studies showed that CS exposure regulates both growth and

death of airway epithelial cells via its H2O2 component (Khan et al. 2008;

Lavrentiadou et al. 2001): CS exposure could generate between 100 and 800 μM
H2O2, as measured in the media of cultured HAE cells, a factor that was dependent on

the length of exposure and the amount of combusted tobacco. Furthermore, when the

CS-generated H2O2 was quenched by antioxidants such as GSH or NAC

(N-acetylcysteine), no ceramide upregulation was observed (Khan et al. 2008).

Since then, it has been shown that exposure to oxidative stress leads to ceramide

level increase prior to caspase-3-dependent apoptosis in airway epithelial cells,

mimicking the dominant apoptotic process of emphysema pathogenesis (Ravid et al.
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2003). Following this discovery, Goldkorn et al. sought to identify the enzymatic

regulator(s) controlling this phenomenon.

6 Identifying Neutral Sphingomyelinase 2, a Novel

Sphingomyelinase Upregulated in Cigarette

Smoke-Induced Lung Injury

Sphingomyelin (SM) hydrolysis by sphingomyelinases (SMases) is considered

a major pathway for cell stress-induced ceramide generation and subsequent

apoptosis (Clarke et al. 2008; Filosto et al. 2010, 2011a; Goldkorn et al. 1998;

Goldkorn and Filosto 2010; Nikolova-Karakashian et al. 2008; Ravid et al. 2003;

Rutkute et al. 2007b; Wu et al. 2010). According to current models, SM may be

metabolized to ceramide by several SMases, but some SMases may have special

pathophysiological significance (Uhlig and Gulbins 2008).

Several years of purifying and cloning proteins from the lungs of nonhuman

primates and HAE cells led to the independent identification of a novel sphingo-

myelinase, neutral sphingomyelinase 2 (nSMase2, SMPD3 gene), as the sole

sphingomyelinase responsible for ceramide generation in response to oxidative

stress (Levy et al. 2006). Importantly, it was demonstrated that nSMase2 is a

redox-sensitive enzyme that is activated in HAE cells in response to ox-stress

induced by H2O2 or by CS exposure (Levy et al. 2006, 2009). Moreover, silencing

of nSMase2 expression using siRNA completely abrogates ceramide production

and, more importantly, the downstream apoptotic events in response to oxidative

stress. It was also demonstrated that the H2O2 component of the CS gas phase was

responsible for the nSMase2 activation and ceramide generation (Levy et al. 2009).

Convincingly, both Goldkorn et al. and others have reported that the major

SMase enzyme that becomes activated by ox-stress appears to be nSMase2 (Levy

et al. 2006, 2009; Rutkute et al. 2007a). Last of all, but most notably, it has been

shown that nSMase2 becomes overexpressed in human emphysema patients and

rodents chronically exposed to cigarette smoke and that mice heterozygous for

nSMase2 (þ/�) have dramatically reduced ceramide generation in response to CS

(Filosto et al. 2011a).

Filosto et al. have since demonstrated a molecular mechanism that regulates

nSMase2 function in response to ox-stress by finding that nSMase2 is controlled via

a complex phosphorylation-based machinery. It was proven that nSMase2 phos-

phorylation on specific serines triggers both its activation and protein stabilization

upon exposure of HAE cells to ox-stress (Filosto et al. 2012a). Furthermore, we

identified some of the protein regulators of nSMase2 phosphorylation: Calcineurin

(CaN) phosphatase binds directly to nSMase2 and dephosphorylates it, but not

under ox-stress, when CaN is inhibited/degraded, allowing nSMase2 to be
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phosphorylated downstream of p38 mitogen-activated protein kinase (MAPK) and/

or protein kinase C (PKCs) (Filosto et al. 2010) (Fig. 2).

7 Can nSMase2 Activation and Ceramide Generation Support

Mitogenic Responses?

The above studies identified nSMase2 as the ceramide-generating enzyme during

oxidative stress whose activation is a requisite to trigger apoptosis of HAE cells.

However, several considerations should be taken before concluding that apoptosis

is the sole downstream effect of ceramide generation. First, while increased

ceramide levels could be expected for any cell exposed to ox-stress, only

20–50 % (depending on the exposure conditions) of the exposed cells would

actually undergo apoptosis (Khan et al. 2008; Levy et al. 2009). Second, oxidative

stress has also been proposed as a mitogenic signal promoting lung cancer growth

(Khan et al. 2008; Levy et al. 2009). Third, most studies investigating ceramide

generation under stress conditions, including ours, were conducted during acute,

short-term exposure to cell stressors, and therefore, the long-term effects of

ceramide generation on cancer cell growth have not been evaluated.

Presently, though it is plausible that during cellular stress ceramide acts as a

direct stimulus for apoptosis, it is equally possible that ceramide generation has
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Fig. 2 Cigarette smoke (CS)-induced oxidative stress activates the neutral sphingomyelinase

2 (nSMase2) in human airway epithelial cells via phosphorylation of its serine residues, leading to

ceramide accumulation in the inner leaflet of the plasma membrane
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mitogenic effects favoring tumor development. Consistent with the latter, it has

been recently shown that nSMase2 activity and subsequent ceramide generation

under TNF-α-induced cell stress can be mechanistically linked to both apoptotic

initiation as well as proliferative signaling (Devillard et al. 2010). While alternative

pathways could lead to apoptosis when nSMase2 function was blocked, nSMase2

was required for the mitogenic response to TNF-α. An additional recent publication
claims that loss of ceramide transfer protein (CERT) augments EGF receptor

signaling in breast cancer via its regulation of cellular pool of sphingomyelin

(SM). Reduction of CERT expression led to reduced SM levels, thereby enhancing

tumorigenesis (Heering et al. 2012). Furthermore, nSMase2 and ceramide genera-

tion could be instrumental in the spreading of oncogenic proteins and miRNAs via

exosomal generation, as described below.

8 nSMase2-Dependent Ceramide Generation and Exosome

Secretion: A Vehicle for Propagation of Oncogenes

and miRNA

The conventional view of communication between cells is through gradients of

soluble ligands, identified by the cell-associated receptors. However, recent studies

demonstrated a novel form of interaction between cancer cells and their environ-

ment through shedding of membrane exosomes, which can fuse to cells in the

surrounding area and cause stromal remodeling (Al-Nedawi et al. 2008; Bhowmick

et al. 2004; Skog et al. 2008). Exosomes contain microvesicles that serve as “units”

of information by containing a mass of biologically active protein and RNA

species, including oncogenic receptors and microRNAs (miRNAs), short noncod-

ing RNAs that modulate gene expression (Kim et al. 2009b; Liu et al. 2009). For

example, it was demonstrated that a truncated oncogenic form of EGFR, EGFRvIII,

was transferred from human brain glioma cells into neighboring glioma cells

deficient in EGFRvIII via secretory membrane microvesicles (exosomes)

(Al-Nedawi et al. 2008). In the lungs, however, no examples of exosomal

oncoprotein transfers have (yet) been described. Instead, the bulk of studies in the

role of exosomes in oncogenesis have been focused in miRNAs which become

deregulated in numerous cancers, including of lung origin.

Some miRNAs are notably deregulated in lung cancer. For example, low

expression of let-7a miRNA and high expression of miR-155 miRNA were

associated with poor clinical outcome (Yanaihara et al. 2006). At the same time,

there are miRNAs overexpressed in lung cancer that have key roles in modulating

cancerous cell growth and tumorigenicity such as the EGFR (Liu et al. 2010).

A recent publication by Kosaka et al. (2010) reported that exosomes may be used as

a means for secretion of miRNAs: miRNAs secreted from donor cells could be

absorbed and remain functional in recipient cells, suggesting an innovative
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mechanism of intercellular communication by miRNAs release. Consistently,

Pegtel et al. (2010) also demonstrated that miRNAs secreted by Epstein–Barr

virus (EBV)-infected cells were transferred to and acted in uninfected recipient

cells. Importantly, Kosaka et al. (2010) demonstrated that miRNA incorporation

into exosomes and secretion are ceramide-/nSMase2 dependent, which underscores

a novel critical role of nSMase2 in regulating exosome-dependent miRNA

dispersal.

Moreover, the molecular mechanism by which a change in lipid composition

drives vesicle budding was recently demonstrated by Trajkovic et al. (2008) to be

regulated via nSMase2 and, thusly, ceramide. Using mass spectrometric analyses,

Trajkovic et al. demonstrated that ceramide levels were increased in secreted

proteolipid protein-containing exosomes purified from cell culture medium. More-

over, disrupting nSMase2 expression by RNA interference or the use of specific

inhibitors reduced secretion of these exosomes, suggesting that aggregation of

ceramide-enriched microdomains leads to intraluminal vesicles formation.

Additionally, miRNA-containing microvesicles could be recovered from the

plasma of patients with tumors, including patients with lung cancer, thus potentially

serving as prognostic biomarkers (Al-Nedawi et al. 2009; Chen et al. 2008; Mitchell

et al. 2008). Therefore, ceramide-dependent exosomal secretion may drive the

transfer of oncoproteins and onco-miRNAs between subset of cancer cell

populations and, therefore, necessitate the evaluation of ceramide and exosomes

in the distribution oncogenes and their transforming phenotype in several cancer

types, including lung cancer.

Though several groups continue to study the mechanism(s) of nSMase2 regula-

tion in lung epithelial cells and other tissues, ceramide generation and its potential

function(s) in oncogenic signaling remain poorly understood. However, within the

setting of lung injury and lung cancer, recent studies by Goldkorn and colleagues

(Filosto et al. 2011b) documented the proliferative effects of cigarette smoke-

induced oxidative stress via the epidermal growth factor (EGF) receptor, a

membrane-bound protein important for growth signaling, and possible potentiation

of its activation by ceramide generation in the plasma membrane, as described in

the following sections.

9 Cigarette Smoke-Induced Oxidative Stress and Its Effects

on Oncogenic EGF Receptor Activation in Lung Cancer

In chronic smokers, the plasma membrane of airway epithelial cells works as the

first line of defense against gaseous oxidants. Though this scenario depicts lung

injury fairly well as previously discussed with ceramide, simultaneous studies on

the EGF receptor (EGFR) portray the bipolar effects of cigarette smoke:

Proliferative signaling becomes activated during oxidative stress in airway epithe-

lial cells (Goldkorn et al. 2005; Ravid et al. 2002).
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The EGFR is a transmembrane receptor tyrosine kinase (RTK) of the ErbB

family, which includes ErbB1–4 and is the prototypical “master” regulator of cell

growth in normal cells and tumorigenesis in lung cancer. The classical model of

EGFR activation has been established wherein (1) binding of its extracellular ligand

EGF (2) induces receptor dimerization leading to (3) activation of its intracellular

tyrosine kinase (TK) domain and subsequent (4) auto-phosphorylation of specific

tyrosines on the C-terminal “tail” of the receptor, ultimately (5) initiating a cascade

of downstream proliferative signaling. Simultaneously, the activated EGFR is

internalized in a clathrin-dependent manner and downregulated via lysosomal

degradation. However, deregulation of EGFR function can happen for many

reasons, including EGFR somatic mutations or its overexpression, leading to

EGFR-driven lung tumorigenesis. Therefore, a collective effort by the field over

the last two decades has led to better understanding the mechanism of EGFR kinase

activation and its targeting by tyrosine kinase inhibitors.

Tyrosine kinase inhibitors (TKIs) are small molecules that inhibit TK activity by

competitively binding to the ATP binding site of the EGFR. In the early 2000s,

several TKIs—erlotinib (Tarceva™) and gefitinib (Iressa™)—were approved by

the FDA (Food and Drug Administration) for the treatment of metastatic lung

cancer, while several other TKIs are in preclinical trials (e.g., TKI AG1478) and

currently in the drug development pipeline (Ellis et al. 2006; Gridelli et al. 2010;

Watanabe et al. 2011; Wu et al. 2011). Unfortunately, despite earlier promising

clinical success, these FDA-approved TKIs failed to benefit the majority of ailing

lung cancer patients. Interestingly, however, encouraging responses to the TKIs

were observed in a subset of non-small cell lung cancer (NSCLC) cases, typically

presenting as adenocarcinomas in female never-smokers (Yatabe 2010). These

responders were found to possess mutations in the EGFR tyrosine kinase domain

that constitutively activate the receptor in a ligand-independent manner, which were

thought to confer a selective growth advantage that could be efficiently neutralized

by the TKIs (Lynch et al. 2004; Minna et al. 2004; Paez et al. 2004; Shigematsu and

Gazdar 2006; Weinstein 2002). Most common, or “classic,” among these somatic

mutations are the exon 19 deletion mutation (Δ746–750) and the exon 21 single-

point substitution mutation (L858R) (Mountzios et al. 2008; Parkin et al. 2005).

However, it has been recently observed that the same EGFR mutations are not

limited to adenocarcinoma from female never-smokers. Indeed, a large number

(40%) of these EGFR mutations are actually found in adenocarcinoma tumor

specimens from men and people who are/were smokers (D’Angelo et al. 2011).

Yet, these lung cancer patient groups of former and current smokers (harboring

EGFR mutations, which are expectedly to be TKI sensitive) do not benefit from the

TKI treatment. Moreover, anecdotal clinical observations suggest that lung cancer

patients with smoking history tend to require up to a tenfold higher baseline dose of

TKI to start during treatment. This indicates that smoking could affect the tumor’s

response to TKI, but the mechanisms involved are still mostly elusive.

In parallel with their ceramide studies, Goldkorn et al. investigated the effects of

CS-derived reactive oxidants on the structure/function of EGFR in HAE cells in

both normal and transformed (NSCLC) cells (Filosto et al. 2011b, 2012b; Goldkorn
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et al. 2005; Goldkorn and Filosto 2010; Khan et al. 2006, 2008; Ravid et al. 2002).

Since then, it has been demonstrated that both CS and oxidative stress (H2O2)

aberrantly activate the EGFR which can be suppressed in the presence of the

antioxidant glutathione or catalase (Khan et al. 2008; Ravid et al. 2002). Specifi-

cally, the pattern of tyrosine-phosphorylation sites differs from that induced by the

EGF ligand (Khan et al. 2008), resulting in an activated/signaling EGFR without

the physiological negative feedback of its lysosomal degradation (Khan et al. 2006,

2008; Ravid et al. 2002). Goldkorn’s group also showed that this abnormal EGFR

activation impairs receptor dimerization and is not targeted/inhibited by TKIs

(erlotinib, gefitinib, and AG1478) (Filosto et al. 2011b, 2012b) (Fig. 3).

Thus, it was recently demonstrated that a novel active conformation of the EGFR

confers tumorigenesis and resistance to current TKIs following CS and oxidative

stress exposure in HAE cells (Filosto et al. 2011b, 2012b). These findings have

far-reaching implications suggesting that this oxidative stress-activated EGFR

cannot be inhibited by clinical tyrosine kinase inhibitors developed for therapeutic
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Fig. 3 Cigarette smoke (CS)-induced oxidative stress generates an aberrantly phosphorylated

EGFR with a noncanonical activated conformation. This CS-activated EGFR is not readily

degraded and has prolonged proliferation signaling and is “resistant” to tyrosine kinase inhibitors

(TKIs) used clinically as therapy for EGFR-driven lung cancers
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intervention in non-small cell lung cancer, the predominant lung cancer variant in

the smoker population, and may explain the sparse success rate of these drugs in

patients (Filosto et al. 2012b).

Therefore, it appears that a dichotomous response to cigarette smoke occurs

concurrently at the cellular level in airway epithelial cells (Goldkorn and Filosto

2010). On the one hand, ceramide, a pro-apoptotic sphingolipid, is generated by the

induction of nSMase2 activity, while, on the other hand, the EGFR becomes aber-

rantly activated and promotes proliferative signaling. To explain these observations,

Goldkorn et al. proposed a novel perhaps equally insidious function for ceramide, as

the link between chronic smoking-related lung injury and tumorigenesis in the

airway. That role was based on the idea that the novel EGFR conformation, which

is generated under CS exposure, can be stabilized and thus become chronic only in

ceramide-enriched cellular compartments, as detailed below.

10 Cigarette Smoke-Induced Ceramide-Enriched

Microdomains: Mitogenic Signaling Platforms

Importantly, oxidative stress-dependent alterations of EGFR structure/function turn

out to be temperature dependent and are inhibited by cholesterol uptake at the

plasma membrane, suggesting a requirement for membrane alterations (Filosto

et al. 2011b). Moreover, the TKI AG1478 is ineffective in quenching EGFR

phosphorylation during H2O2-induced ox-stress in living cells while capable of

inhibiting it in a crude membrane fraction of broken cells where the membrane

structure was destroyed (Filosto et al. 2011b). This supports the idea that membrane

fluidity/structure may be involved in either inducing or stabilizing the ox-stress-

induced active conformation of EGFR.

In recent years, several studies demonstrated that sphingolipids in cell membranes

are not homogenous but are sorted into specific domains mediated by interactions

between sphingolipids and cholesterol (Zhang et al. 2009). In particular, the ceramide

moiety of sphingomyelin binds to cholesterol via hydrophobic van der Waals

interactions (Kolesnick et al. 2000). The culmination of these strong interactions

and the high local concentration of sphingolipids and cholesterol lead to the forma-

tion of sphingolipids and cholesterol-enriched membrane domains known as lipid

rafts. Cholesterol and some cholesterol precursors not only interact with

sphingolipids in these rafts but also stabilize the structure of rafts by filling empty

spaces between the bulky sphingolipids (Kolesnick et al. 2000; Stancevic and

Kolesnick 2010; Xu et al. 2001; Zhang et al. 2009).

However, when ceramide becomes free from sphingomyelin, it can displace

cholesterol from the rafts (Megha and London 2004). Thus, the generation of

ceramide within membrane rafts may alter both their composition and structure.

Furthermore, ceramide-enriched microdomains have the tendency to fuse and form

larger macrodomains, also known as ceramide-enriched membrane platforms, with a

diameter from a few hundred nanometers up to several micrometers (Cremesti et al.
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2001). These ceramide-enriched membrane platforms have altered biophysical

properties compared to the phospholipid membrane and cholesterol-enriched lipid

rafts and may serve important functions in protein sorting in cells and redistribution

of membrane receptors, such as the EGFR. Indeed, ceramide-enriched membrane

platforms were shown to trap and to cluster receptor molecules (Cremesti et al. 2001;

Grassme et al. 2001; Gulbins and Kolesnick 2003).

Given the critical role of lipid rafts in serving as signaling platforms for many

membrane receptors, including the EGFR (Heering et al. 2012), alteration in

membrane structure and fluidity following ceramide generation are likely to

have an important effect on lung cancer cell growth. Intriguingly, cholesterol

levels do not change during oxidative stress in HAE cells (Filosto et al. 2011b).

Thus, Goldkorn et al. lately proposed that membrane ceramide generated as a

result of exposure to ox-stress may displace cholesterol from the rafts, leading to

the relocalization of EGFR to relatively rigid ceramide-enriched lipid platforms,

which may stabilize aberrant EGFR signaling. Complementing this hypothesis,

it was recently demonstrated that the CS-induced oxidative stress stabilizes

aberrant interactions between the activated EGFR and Src, a non-receptor

tyrosine kinase that is highly overexpressed in several types of cancers

(Cai et al. 2011; Ceppi et al. 2012; Chung et al. 2009; Kim et al. 2009a).

Furthermore, it was reported that phosphorylated caveolin-1 (Cav-1), a known

substrate of Src, is strongly bound to EGFR under ox-stress (Khan et al. 2006,

2008). Notably, others have reported that Src stably interacts with ErbB2 (Kim

et al. 2005), but not with WT EGFR, because of the structural difference in their

respective kinase domains, and this Src binding was shown to confer elevated

transformation ability (Marcotte et al. 2009). For these reasons, it was also proposed

that such membrane alterations may also be involved in the aberrant perinuclear

trafficking of EGFR and Src that is observed in HAE cells during exposure to

oxidative stress (Filosto et al. 2011b; Khan et al. 2008).

Supporting this hypothesis, it was recently shown that during oxidative stress,

activated EGFR and activated Src co-localize within ceramide-enriched membrane

regions (Filosto et al. 2011b) (Fig. 4). At early time points of ox-stress exposure

(15 min), active EGFR and elevated ceramide co-localize primarily in the plasma

membrane of the cells. Interestingly, later on (30 min), this co-localization is

observed mainly in a perinuclear region of the cells. Consistent with this latter

observation, it was demonstrated that the ox-stress-activated EGFR, unlike the

EGF-stimulated receptor, is not internalized via clathrin-coated pits. Instead, it is

not degraded, remains active, and is trafficked via caveolae to the perinucleus

because of strong association with phosphorylated Cav-1 (Khan et al. 2006,

2008). It has been recently shown that ceramide generation increases the recruit-

ment of Cav-1 into caveolae (Kuebler et al. 2010; Yang et al. 2010). Taken

together, ceramide generation may have a role in both stabilizing the aberrantly

active EGFR and controlling the trafficking of EGFR via caveolae to the cell

perinucleus that has been shown to promote tumorigenesis in lung epithelial cells

under oxidative stress (Khan et al. 2008).
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11 Conclusions

Sphingolipids and their roles in lung cancer offer critically needed avenues for

discovery of both prognostic and diagnostic biomarkers, thereby remaining a field

requiring discovery. As described earlier, the best characterized sphingolipids in

lung cancer research are sphingosine-1-phoshate and ceramide which traditionally

have opposing roles in determining cell fate. However, there appears to be a very

fine line in the distinct roles of specific sphingolipids as evidenced by recent

findings that ceramide-1-phosphate has both proliferative and apoptotic effects

depending on its concentration and context. Therefore, in this chapter, we

summarized several years of investigation into ceramide, a canonically

pro-apoptotic sphingolipid that is starting to gain momentum in cancer research

for its potential roles in proliferation and cell-to-cell communication via exosomes.

However, to provide context for this novel role of ceramide, we focused on

cigarette smoke and its effects on airway epithelium as a model for ceramide’s

role in lung cancer.

Lung cancer and lung injury are common sequelae of chronic tobacco smoke

exposure as it is well established by several epidemiological studies of smoker

Activated

nSMase2
Ceramide

accumulation

Cav-1

sphingomyelin

ceramide

EGFR

Aberrantly-
Activated

SrcPO4

PO4

PO4 PO4

PO4

TUMORIGENESIS

Ceramide-enriched Micro- /
Macro-domains or “lipid rafts”

CS / H2O2
(oxidative stress)

Fig. 4 Cigarette smoke (CS)-induced oxidative stress activates neutral sphingomyelinase

2 (nSMase2), leading to ceramide accumulation and subsequent formation of ceramide-enriched

microdomains in the plasma membrane. Within these ceramide-enriched regions, the aberrantly

activated EGFR is stabilized and promotes tumorigenesis in lung epithelial cells
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cohorts that lung cancer incidence is significantly increased in emphysema patients.

Under exposure to cigarette smoke (CS) and oxidative stress, lung injury (apoptosis)

and repair (proliferation) proceed simultaneously. Therefore, both “facets,” apoptosis

and proliferation, of the coin that underlie CS-mediated lung injury and lung cancer

should be addressed together.

The studies presented herein clearly establish that these dichotomous signaling

pathways are indeed activated under CS exposure. On the one hand, ceramide is

generated by the activation of nSMase2 during CS-induced oxidative stress, even-

tually leading to apoptosis which is the dominant pathway in lung injury and

COPD. On the other hand, the same stimulus aberrantly activates the EGFR,

leading to prolonged proliferative signaling as observed in non-small cell lung

cancer. Interestingly, recent studies provide evidence that these two CS-activated

pathways may actually converge and interact. Specifically, Goldkorn et al. found

that EGFR and Src are preferentially co-localized in ceramide-enriched regions of

the plasma membrane under CS exposure, suggesting that nSMase2/ceramide may

directly affect the aberrant EGFR/Src activation and mutual interaction, leading

to enhanced tumorigenic signaling. Moreover, new findings suggest that CS

exposure may induce resistance to EGFR-targeted therapy, the tyrosine kinase

inhibitors (TKIs), solely through posttranslational molecular changes. These

molecular alterations consist of an aberrant EGFR phosphorylation pattern

accompanied by an aberrant conformation and the binding to Src during CS

exposure. Furthermore, at the molecular level, these observed structural anomalies

of the CS-activated EGFR are potentiated by excess ceramide and ceramide-

enriched microdomains generated by the CS-activated nSMase2 in the plasma

membrane of lung epithelial cells.

In summary, regard for sphingolipids in human health and disease has grown

over the years. Despite the ongoing evolution of the field in cancer biology as

presented here, there is an urgent and great need for investigation into the role of

sphingolipids in lung cancer due to the plethora of promising observations reported.

Therefore, we, the authors, hope that you, the readers, are convinced of the

importance of sphingolipids in lung cancer.
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Abstract There are several well-established mechanisms involved in radiation-

induced cell death in mammalian cell systems. The p53-mediated apoptotic path-

way is the most widely recognized mechanism (Lowe et al. Nature 362:847–849,

1993), although apoptosis has long been considered a less relevant mechanism of

radiation-induced cell death (Steel, Acta Oncol 40:968–975, 2001; Brown and

Wouters, Cancer Res 59:1391–1399, 1999; Olive and Durand, Int J Radiat Biol

71:695–707, 1997). We and others have recently focused instead on the emerging

links between radiation, apoptosis, and ceramide and showed that ceramide is a
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sphingolipid-derived second messenger capable of initiating apoptotic cascades in

response to various stress stimuli, including radiation.

Ceramide, the backbone of all sphingolipids, is synthesized by a family of

ceramide synthases (CerS), each using acyl-CoAs of defined chain length for

N-acylation of the sphingoid long-chain base. Six mammalian CerS homologs

have been cloned that demonstrated high selectivity towards acyl-CoAs (Lahiri

et al. FEBS Lett 581:5289–5294, 2007), and more recently, it was shown that their

activity can be modulated by dimer formation (Mesicek et al. Cell Signal

22:1300–1307, 2010; Laviad et al. J Biol Chem 283:5677–5684, 2008).

This de novo ceramide synthesis has been observed in irradiated cells through a

pathway normally suppressed by ataxia telangiectasia-mutated (ATM) protein, a

key component of the cellular response to DNA double-strand breaks (Liao et al.

J Biol Chem 274:17908–17917, 1999). ATM is not the sole factor known to affect

apoptotic potential by modulating CerS activity. Recent work has also implicated

protein kinase Cα (PKCα) as a potential CerS activator (Truman et al. Cancer Biol

Ther 8:54–63, 2009).

In this review, we summarize involvement of CerS in sphingolipid-mediated

apoptosis in irradiated human prostate cancer cells and discuss future directions in

this field.

Keywords Prostate cancer • Radioresistance • Ceramide synthase • Ceramide •

PKCα

1 Radioresistance in Prostate Cancer: From Bedside to Bench

1.1 Local Relapse After Radiation Therapy

Prostate cancer is the most commonly diagnosed non-skin cancer in men in the

United States. It is estimated that 217,730 men were diagnosed with prostate cancer

during 2010. About 32,050 died of the disease the same year (Jemal et al. 2010).

Radiotherapy (RT) is a widely used modality for men with prostate cancer, but

although radiation is capable of permanently eradicating localized prostate tumors,

nearly 30 % of patients treated with potentially curative doses relapse at the sites of

the irradiated tumors (Scardino andWheeler 1988; Crook et al. 1995; Zelefsky et al.

1998). More recently, continued progress in RT delivery techniques has improved

outcome through dose escalation. Nonetheless, although higher radiation dose

levels were consistently associated with improved biochemical control outcomes

and reduction in distant metastases, the biochemical relapse rate was still greater

than 60 % at 5 years in high-risk patients (Zelefsky et al. 2008). These data indicate

that prostate tumors vary in sensitivity to ionizing radiation. Furthermore, clinical

data show that in patients who relapse locally after RT, initial treatment eliminates

the great majority of the tumor cells, whereas a small fraction of tumor clonogens

survive the lethal effects of radiation and eventually repopulate the irradiated site.
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This observation indicates that there are variations in clonal sensitivity to the lethal

effects of radiation even within a given tumor. Thus far, there have been neither a

criteria for predicting the presence or prevalence of radiation-resistant tumor clones

nor an effective approach to modulate the radiation response of human prostate

tumor cells. Improved understanding of pathways of radiation-induced cell death

and signaling systems that regulate these pathways may yield opportunities for

pharmacological modulation of radiation resistance in prostate cancer.

1.2 Human Prostate Cancer Cell Lines’ Response to Radiation

Cell lines derived from human prostate cancer are regarded as relatively resistant to

both radiation-induced clonogenic death and apoptotic death (Royai et al. 1996).

The best-characterized human prostate cell lines include the PC-3, DU-145,

CWR22-Rv1, and LNCaP cells that were established from metastatic human

tumor lesions (Stone et al. 1978; Kaighn et al. 1979; Horoszewicz et al. 1983). In

general, these cell lines are among the most radioresistant human tumor cells, as

assessed by the clonogenic assay (Wollin et al. 1989; Leith et al. 1993; Leith 1994;

DeWeese et al. 1998). However, the dose-survival data do indicate distinct

differences between these cell lines, as expressed by the Dq, D0, SF-2, and the

linear quadratic α and β exponents. There are also differences in the apoptotic

response to radiation. Several studies reported lack of apoptosis in PC-3 cells up to

72 h after exposure to doses of 10–30 Gy (Algan et al. 1996; Li and Franklin 1998)

and an incidence of 10–15 % apoptosis in DU-145 cells at 72 h after 10–12 Gy

(Algan et al. 1996; Bowen et al. 1998). However, one study reported 40 % apoptosis

in PC-3 cells at 72 h after 20 Gy (Kyprianou et al. 1997). This study is also the only

study that has thus far reported apoptosis in LNCaP cells, occurring at a rate of 35 %

at 72 h after exposure to 20 Gy (Kyprianou et al. 1997). Altogether, these

observations indicate clone-specific sensitivities of human prostate tumor cells to

radiation. The pleiotropic nature of death pathways induced by radiation suggests

that radiation resistance is likely to be regulated by a variety of mechanisms, each of

which is associated with a specific death pathway. Whether radiation resistance of

human prostate tumor clones is associated with a single mechanism or a spectrum

of mechanisms is unknown. These data also suggest that an approach to reduce

radiation resistance clinically might require the use of combinations of chemical

and biological modifiers to cover a spectrum of resistance mechanisms that may

operate concomitantly in prostate cancer.

1.3 Radiation-Induced DNA Damage

It is well accepted that radiation-induced cell death stems from lethal DNA damage.

When cells are irradiated, X-rays induce numerous DNA breaks. All break types do
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not have the same biologic consequence as far as cell killing is concerned. Many

DNA single-strand breaks are readily repaired using the opposite DNA strand as a

template. Breaks in both strands, if well separated, are also readily repaired because

they are handled independently. Breaks in both strands that are opposite or

separated by only a few base pairs may lead to double-strand breaks (DSBs).

There is increasing amount of evidence that DSBs rather than single-strand breaks

lead to important biologic endpoints, including “mitotic catastrophe” and loss of

replicative potential (Hall and Giaccia 2006a). Such lesions are produced in the

DNA by direct interaction with X-rays or with reactive oxygen intermediates

generated within the cell by the radiation. DNA DSBs, the most lethal form of

ionizing radiation-induced damage, are repaired by nonhomologous end-joining

(NHEJ) repair in the G1 phase of the cell cycle and homologous recombination

(HR) repair pathway in the S/G2 phase of the cell cycle. Whereas most radiation-

induced DNA DSBs are rapidly repaired by constitutively expressed DNA repair

mechanisms, residual unrepaired or misrepaired breaks lead to genetic instability

and to increased frequency of mutations and chromosomal aberrations. Lethal

mutations or dysfunctional chromosomal aberrations eventually lead to either

progeny cell death, usually after several mitotic cycles (also termed reproductive

or postmitotic), or to p53-mediated apoptosis (Hall and Giaccia 2006b).

1.4 Radiation-Induced Apoptosis

Radiation-induced apoptosis has long been considered a less relevant mechanism in

cell loss from normal tissues and tumors based on published data comparing

apoptosis response and cell survival responses in tumor cells that have generally

failed to find a causal relationship. Moreover, modulating apoptotic potential

usually had little impact on cellular radiosensitivity (Steel 2001; Brown and

Wouters 1999; Olive and Durand 1997; Kyprianou et al. 1997; Aldridge et al.

1995; Lock and Ross 1990). Apoptosis or programmed cell death is an intermitotic

(interphase) inducible death pathway of sequential biochemical events that are

constitutively expressed in an inactive form in most, if not all, mammalian cells.

Also defined as a mechanism of cellular suicide, apoptosis occurs in response to a

variety of physiological or environmental stresses impacting distinct cellular

targets to initiate cell type-specific apoptotic signaling pathways. The various

upstream signaling cascades converge downstream to activate a common final

caspase-dependent effector mechanism eventually leading to activation of a

calcium–magnesium-dependent endonuclease that cleaves the nuclear chromatin

at selective inter-nucleosomal linker sites, thus dismantling the dying cell. Chro-

mosomal fragmentation, cytoplasmic blebbing, and apoptotic bodies are conse-

quently seen during apoptosis, which ultimately results in the condensation of the

nucleus and shrinking of the cell. Apoptosis is characteristically different from cell
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necrosis in morphology and biochemistry, and its end result is cell death without

inflammation of the surrounding tissue. After a few decades and after quite a few

debates, the case against apoptosis is no longer successfully defended. Today, we

acknowledge apoptosis, or programmed cell death, not only as the process leading

to disorders of normal tissues (Orrenius 1995; Fadeel et al. 1999; Reed 2002;

Mullauer et al. 2001) but also as a form of death in response to both chemotherapy

and radiation therapy for cancer, in particular for hormone-dependent cancers such

as prostate cancer (Wu 1996; Olson and Kornbluth 2001; Ameisen 2002; Meyn

et al. 2009). As a matter of fact, facilitation of apoptosis in vivo has been shown to

effectively increase the number of apoptotic cells in tumors (Dubray et al. 1998;

Jansen et al. 2000), and the detected early apoptotic response correlates well with

subsequent outcome (Symmans et al. 2000; Meyn et al. 1995; Ellis et al. 1997).

Proapoptotic antibodies, anti-CD-95 antibodies, are considered to be used as new

therapeutic agents for tumor treatment. Moreover, the emerging links between

radiation, apoptosis, and ceramide suggest that ceramide-mediated apoptosis fol-

lowing ionizing radiation might explain part of normal tissue and tumor cell death.

2 Activation of the Ceramide Synthase Pathway in Response

to Radiation

We have previously shown that DNA DSBs induce ceramide generation via the de

novo ceramide synthesis pathway involving activation of CerS enzyme in bovine

aortic endothelial cells (BAEC) (Liao et al. 1999). Actually, a variety of ceramide

species syntheses are catalyzed by six CerS enzyme isotypes (Table 1). CerS are

integral membrane proteins of the endoplasmic reticulum. Once activated, these

enzymes catalyze the condensation of sphinganine and fatty acyl-CoA to form

dihydroceramide, which is rapidly oxidized to ceramide. Originally, we showed

that daunorubicin stimulates CerS and generates ceramide resulting in apoptosis in

P388 murine leukemia cells and U937 human monoblastic leukemia cells (Bose

et al. 1995). An obligatory role for CerS was thus defined, since its natural specific

inhibitor, Fumonisin B1 (FB1), blocked daunorubicin-induced ceramide elevation

and apoptosis. This study was the first to demonstrate that CerS activity is regulated

in eukaryotes and constituted definitive evidence for a requirement for ceramide

elevation in the induction of apoptosis.

In collaboration withAnthony Futerman’s group [Weizmann Institute of Science,

Israel (Lahiri et al. 2007)], we demonstrated that despite the high selectivity towards

acyl-CoAs, mammalian CerS have a very similar Km value towards sphinganine,

strengthening the notion that the main biochemical difference between CerS is in

their specificity towards acyl-CoAs. In addition, in these studies, conditions for

assaying CerS activity were optimized, and a Km value of all six mammalian CerS

towards sphinganine in the low μM range (2–5 μM) was demonstrated, which is
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significantly lower than that suggested using a variety of other assays and tissue

sources.

Subsequently, we reported that ionizing radiation also induces de novo synthesis

of ceramide in HeLa cells resulting in apoptosis by specifically activating CerS5

and CerS6 (Mesicek et al. 2010). Overexpression of CerS2 resulted in partial

protection from RT-induced apoptosis, whereas overexpression of CerS5 generated

the apoptogenic ceramide species C16-ceramide and increased apoptosis in these

cells. Knockdown studies determined that CerS2 is responsible for all observable

RT-induced C(24:0) CerS activity, and while CerS5 and CerS6 each confer approx-

imately 50 % of the C(16:0) CerS baseline synthetic activity, both are required for

RT-induced activity. Additionally, co-immunoprecipitation studies suggest that

CerS2, 5, and 6 might exist as heterocomplexes in HeLa cells, providing further

insight into the regulation of CerS enzymes. Moreover, CerS were shown to have

additional subcellular localizations, such as perinuclear membranes and the

mitochondria-associated membrane (MAM). The interplay between long-chain

C16-ceramide and very long-chain C24:1- and C24-ceramides has come into recent

spotlight regarding their roles in maintaining cellular homeostasis. These data add

to the growing body of evidence demonstrating interplay among the CerS isozymes

in a stress stimulus-, cell type-, and subcellular compartment-specific manner.

CerS can be phosphorylated (Sridevi et al. 2009) and glycosylated (Mizutani

et al. 2006), and it was recently demonstrated that CerS can form both homo- and

heterodimers (Laviad et al. 2008) and that the activity of one member of a

heterodimer depends upon, and can be modulated by, the activity of the other

member. These studies suggest a rapid and reversible mechanism of regulating

CerS activity by dimer formation.

CerS engagement in mammalian apoptosis in response to ionizing radiation,

drugs, and cytokines (Truman et al. 2009; Garcia-Bermejo et al. 2002; Canman and

Kastan 1995; Kastan et al. 1992) is a cell type-specific phenomena. The biological

significance of CerS as a transducer of apoptosis has also been confirmed in vivo, as

CerS transactivates disease pathogenesis in gastric ulcer, ischemia/reperfusion, and

emphysema rodent models of human disease (Lowe et al. 1993; Spiegel et al. 1996;

Haimovitz-Friedman et al. 1997; Lin et al. 2000; Mathias et al. 1998; Pena et al.

1997). In these reports, epithelial apoptosis occurred 18–24 h after radiation

exposure or about 6–10 h after CerS activation and was inhibited by FB1.

Table 1 Distinct ceramide species confer discrete and even opposing signaling endpoints includ-

ing apoptosis and cell survival (VLCFA: Very Long Chain Fatty Acid)

CerS/LASS Fatty acyl-CoA substrate chain length Tissue specific expression patterns

CerS1 C18:0-fatty acyl-CoA Nervous system

CerS2 C24:0 and C24:1 (VLCFA) Broad tissue distribution

CerS3 C24:0 and C24:1 (VLCFA) Testis and keratinocyte

CerS4 C18:0; C20:0 Broad tissue distribution

CerS5 C16:0 Broad tissue distribution

CerS6 C16:0 Broad tissue distribution
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3 Modulation of Ceramide Synthase Activity in Prostate

Cancer Cells

There are several well-established mechanisms involved in radiation-induced

apoptosis in mammalian cell systems. The p53-mediated pathway is the most

widely recognized mechanism (Lowe et al. 1993). LNCaP and CWR22-Rv1

human prostate cell lines express wild-type p53 and exhibit extreme resistance

to radiation-induced apoptosis. Yet, we found that these cells display high

sensitivity to radiation-induced apoptosis both in vitro and in vivo when

pretreated with TPA (12-O-tetradecanoylphorbol-13-acetate) or other PKC

activators (Truman et al. 2009). Studies in our laboratory focus on ceramide-

mediated apoptosis, a response to radiation that is distinct from the classical

p53-mediated response. Our work indicates that the apoptotic pathway involved

in LNCaP and CWR22-Rv1 radiosensitization is mediated by activation of CerS

(Fig. 1), and not by other known pathways of ceramide-mediated apoptosis

involving the activation of either acid sphingomyelinase (ASMase) or neutral

sphingomyelinase (NSMase) (Garzotto et al. 1998, 1999).

3.1 PKCα Activation of Ceramide Synthase in Prostate
Cancer Cells

TPA treatment of LNCaP cells activates PKCα and PKCδ to induce CerS

activation (Garzotto et al. 1998) with rapid but progressive ceramide generation.

This was followed by a delayed form of apoptosis that reached maximal levels at

48 h. Investigations into the mechanism of TPA-induced ceramide generation

revealed that ASMase and NSMase activities were not enhanced. In contrast,

TPA induced an increase in CerS activity that persisted for at least 16 h.

Treatment with FB1 abrogated both TPA-induced ceramide production and

Fig. 1 Integration of radiation- and PKCα-induced and apoptosis (Asterisk denotes activated).

TPA and DAG-Lactone simultaneously down-regulated ATM levels and enhance CerS activity in

human prostate cancer cells via activation of PKCα. Radiation acts synergistically on CerS

activation by inducing DNA DSBs, once the ATM inhibition is removed. This results in higher

accumulation of ceramide levels in these cells and radiation-induced apoptosis both in vitro and

in vivo [modified from Truman et al. (2009)]
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apoptosis. Thus, CerS activation appears to be required for TPA-induced apopto-

sis in LNCaP cells (Garzotto et al. 1998).

Whereas LNCaP cells failed to respond to radiation with ceramide generation

and apoptosis, pretreatment with TPA or diacylglycerol (DAG)-lactone, a potent

and specific PKCα activator in LNCaP cells, converted this pattern, enabling

radiation to signal CerS activation and apoptosis (Fig. 1) (Truman et al. 2005).

The catalytic domain of activated PKCα is required for this event, since LNCaP

cells transfected with a kinase-dead dominant-negative mutant of PKCα showed no

increase in ceramide generation or in apoptosis levels, indicating that PKCα plays a

role in CerS activation. Furthermore, treatment of nude mice with intravenous TPA

Fig. 2 Effect of PKCα stimulation on orthotopic prostate cancer model. (a) DAG-lactone was

injected twice i.p. into orthotopically-implanted nude mice at 24 h intervals at a concentration of

12 mg/kg per day. Prostate tumors were removed 48 h after the first injection, homogenized and

prepared for Western blot as described in the “Materials and Methods.” The density of the bands

was measured and is shown in comparison to the control. The results shown are representative of

three separate experiments. (b) Western blots for prostate tumor samples were probed with either

phospho-serine specific Abs to PKCα or PKCδ, and compared with total levels of PKCα or PKCδ
as a control. The results are representative of two separate experiments. (c) PSA levels in TPA-

treated mice. Mice were injected i.p. with 40 μg/kg TPA or DMSO solvent control for 5 days.

Radiation-treated mice were locally irradiated with 4 Gy 16 h after each TPA injection for a total

of 20 Gy. Control non-irradiated mice n ¼ 20, radiated-treated control mice n ¼ 12, TPA non-

irradiated mice n ¼ 17, and TPA-treated irradiated mice n ¼ 10. (d) PSA levels in DAG-lactone

treated mice. Mice were injected i.p. with 12 mg/kg per day of DAG-lactone or with DMSO

solvent control for 10 days. Radiation-treated mice were locally irradiated at 1 Gy 16 h after each

injection to a total of 10 Gy. Control non-irradiated mice n ¼ 14, radiation-treated control mice

n ¼ 14, DAG-lactone treated mice n ¼ 13, radiation-treated DAG-lactone mice n ¼ 12.

The values represent the mean � standard errors (Truman et al. 2009)

122 C. Hajj and A. Haimovitz-Friedman



or DAG-lactone elicited specific PKCα activation leading to downregulation of

ataxia telangiectasia-mutated (ATM) protein in prostate tumors in vivo and conse-

quently enhanced radiation-induced tumor response in orthotopically implanted

LNCaP cells (Fig. 2). This represents the first description of a signaling-based

therapy designed to overcome one form of radiation resistance expressed preferen-

tially in human prostate cancer cells (Truman et al. 2009).

3.2 ATM Negatively Regulates Ceramide Synthase Activity

By use of (Liao et al. 1999) metabolic incorporation of 125I-labeled 5-iodo-

20deoxyuridine ([125I] dURd), which produces DNA DSBs and external beam

irradiation, de novo ceramide synthesis was initiated by posttranslational activation

of CerS in BAEC. In the same study, it was shown that ATM negatively regulates

CerS activity (Liao et al. 1999). Subsequently, it was shown that TPA decreases

ATM protein levels in LNCaP and CWR22Rv1 cells, an event crucial for the

induction of apoptosis and mediating radiosensitization of these cells. The alter-

ation in ATM protein levels appeared to be due to inhibition of ATM transcription

via decreased binding of transcription factor Sp1 to the ATM promoter. The

additional TPA-mediated effector in downregulating ATM transcription remains

unknown, nor is there information on the precise mechanism by which TPA affects

Sp1 binding. The catalytic domain of activated PKCα is required for this event,

since LNCaP cells transfected with a kinase-dead dominant-negative mutant of

PKCα showed no decrease in ATM protein. The enabling of CerS-mediated

apoptosis in both androgen-sensitive (LNCaP, CWR22-Rv1) and androgen-

insensitive (PC-3, DU-145) prostate cancer cells via reduction of ATM protein

levels indicates that the interaction between ATM kinase and CerS may represent a

generic mode of regulation of radiation-induced death in these cells (Fig. 1).

Whereas ATM kinase normally represses CerS activity, a reduction in ATM protein

by TPA or antisense ATM oligonucleotide AS-ATM-ODN treatment attenuates

CerS repression, enabling ceramide synthesis and a proapoptotic state. However,

the experiments with AS-ATM-ODN indicated that ATM reduction by itself is not

sufficient to induce CerS activation and that a second signal, such as that provided

by radiation, is required. Consistent with this observation, TPA mimicked radiation

in inducing apoptosis in AS-ATM-ODN-treated LNCaP cells.

ATM inactivation by AS-ATM-ODN conferred extreme radiation hypersensi-

tivity, since the level of apoptosis attained in AS-ATM-ODN-treated LNCaP

exposed to 2 Gy was already at 72 % of the maximum effect observed with

20 Gy (32 � 0.73 %), both significantly higher than the 3.4 � 0.2 % observed

after 20 Gy exposure of ODN-untreated cells (Truman et al. 2005). The mechanism

by which ATM kinase regulates CerS remains unknown. Whereas ATM inhibition

has been shown to affect progression through the G2/M checkpoint in some cell

types (Shiloh 2001), our studies indicate that deregulation G2/M is not the mecha-

nism of prostate cancer cell radiosensitization. The significant apoptotic response
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observed using clinically relevant doses of 1 Gy and 2 Gy in AS-ATM-ODN-

treated cells suggests ATM as a potential molecular target for clinical application.

Further development of AS reagents, siRNA, or small molecules aimed at ATM

inactivation would appear warranted in the treatment of prostate cancer.

3.3 PKCα Downregulation of ATM in Prostate Cancer In Vivo

PKCα activation was shown to radiosensitize prostate cancer in vivo (Fig. 2). While

fractionated radiation alone generated only a delayed tumor growth response in

xenografts of human prostate tumors growing in nude mice, pretreatment with

DAG-lactone followed by radiation resulted in permanent local tumor control.

The detailed mechanistic pathway involved in this response remains unknown.

We are currently trying to determine whether the radiation component of the

apoptotic response in LNCaP cells is synergistic with the PKCα component or

whether it promotes an autonomous hypersensitized response, from CerS, perhaps

via direct activation of radiation-sensitive CerS homologs, whose activation is also

enabled by PKCα-mediated ATM downregulation. Therefore, activation of PKCα
regulates two main events necessary for the apoptotic response in these human

prostate cells (1) ATM downregulation and (2) CerS activation. Since ATM is

overexpressed in these cells, radiation is incapable of activating CerS unless a

significant amount of ATM protein is downregulated (Fig. 1). In contrast to

radiation-induced CerS activation, PKCα-mediated CerS activation does not

depend on generation of DNA DSBs in these cells (Galvin and Haimovitz-

Friedman, unpublished observations).

3.4 TNF-α and Fas Enhance Radiation-Induced Apoptosis
in Prostate Cells

TNF-α was also shown to sensitize LNCaP prostate cancer cells to γ-radiation-
induced apoptosis when added 24 h prior to radiation (Kimura et al. 1999).

Simultaneous exposure of LNCaP cells to TNF-α and 8 Gy resulted in increased

ceramide generation that correlated with a threefold increase in apoptotic cells

within 72 h compared to TNF-α treatment alone. LNCaP cells could also be

sensitized, although to a lesser degree, by the agonistic FAS antibody, CH-11

(Kimura and Gelmann 2000). In this study, TNF-α increased production of

ceramide in LNCaP cells 48 h after exposure. Moreover, nontoxic levels of

exogenous C2-ceramide sensitized LNCaP cells to radiation similarly to TNF-α,
suggesting that increased intracellular ceramide could explain the mechanism by

which LNCaP cells were sensitized to radiation and even to chemotherapy.

Further studies proved that TNF-α induced enhanced activation of the intrinsic
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apoptotic pathway and enhanced cell death, with or without γ-irradiation, yet
CerS activity was not reported. Both TNF-α and γ-irradiation elevated levels of

endogenous ceramide and activated the intrinsic cell death pathway in a syner-

gistic fashion (Kimura et al. 1999, 2003).

Moreover, it was shown in LNCaP cells that androgen inhibits apoptosis induced

by both TNF-α and by CD95 activation with or without concomitant irradiation.

This was thought to be mediated by androgen blockade of caspase activation in both

intrinsic and extrinsic cell death pathways, but whether SMase is involved in LNCaP

cell apoptosis remains to be proven (Kimura et al. 2003). In addition, TNF-α and

radiation induced a significant increase in sphingosine levels and markedly reduced

sphingosine-1-phosphate (S1P).The increase in sphingosine levels either by exoge-

nous sphingosine or by treatment with the sphingosine kinase (SphK) inhibitor

induced apoptosis and also radiosensitized LNCaP cells in this study.

Increasing amount of data now suggest that the relative levels of proapoptotic

sphingolipid metabolites, such as certain ceramide species and sphingosine, and the

levels of the antiapoptotic sphingolipid metabolites, such as S1P, might play a role

in determining the radiosensitivity of prostate cancer cells (Nava et al. 2000). In

fact, SphK1 and S1P receptors are highly expressed in chemotherapy-resistant

prostate cancer PC3 cells and are upregulated by anticancer drug camptothecin

(Akao et al. 2006). Pchejetsky et al. (2008) showed that selective pharmacologic

inhibition of SphK1 triggers apoptosis in LNCaP and PC3 cells, an effect reversed

by SphK1 enforced expression. Nevertheless, further investigations are necessary

to clarify the role of SphK1 and S1P in apoptosis in prostate cells.

3.5 Modulation of Prostate Cancer Cell Response via Acid
Ceramidase Activity

Acid ceramidase (AC) converts ceramide into sphingosine and was found to be

overexpressed in 60 % of primary prostate cancer tissues (Liu et al. 2009; Norris

et al. 2006; Seelan et al. 2000). Conversely, upregulation of AC in prostate cancer

cells conferred resistance to both chemo- and radiotherapy (Saad et al. 2007;

Mahdy et al. 2009). Along the same line, autophagy was increased in prostate

cancer cells overexpressing AC, thereby enhancing resistance to C6-ceramide. This

resistance was overcome via modulation of radiation effect by using AC inhibitors

(Liu et al. 2009). Interestingly, in another hormone-regulated cancer, of the breast,

C6�ceramide and targeted inhibition of AC were also shown to induce synergistic

decreases in the cancer cell growth (Flowers et al. 2012).

Resveratrol (3,5,40-trans-trihydroxystilbene), a natural product from grapes and

present in red wine, was shown to be synergistic with radiation in androgen-

independent and otherwise radioresistant DU145 human prostate cancer cell line

by promoting de novo ceramide biosynthesis in these cells, but no mechanism was

suggested (Scarlatti et al. 2007).
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4 Summary and Future Directions

In conclusion, both DNA DSB-induced damage and non-DNA DSB-induced dam-

age contribute to cell killing of human prostate cancer cells after exposure to

ionizing irradiation. The relative contribution from each mode of cell death may

differ with dose and from one cell type to another, relative to their inherent and

inducible capacities to overcome each of these types of lethal radiation damage and

according to their microenvironment. Utilization of the SMase pathway for induc-

tion of apoptosis in response to cell death receptor signals and ionizing radiation has

now been demonstrated in a large number of mammalian cells. An alternative

mechanism to SMase-mediated generation of ceramide in response to stress is a

pathway that involves de novo synthesis of ceramide, via activation of CerS. CerS

activation was shown to be of particular importance in a variety of human prostate

cancer cell lines (LNCaP, CWR22-Rv1, PC3, and DU145) that under normal

conditions exhibit extreme resistance to radiation-induced apoptosis. Yet we

found that these cells display high sensitivity to radiation-induced apoptosis both

in vitro and in vivo when pretreated with specific PKCα activators. We have also

demonstrated that PKCα activation suppresses ATM, derepressing CerS activity,

thus enabling generation of apoptogenic ceramide.

Our in vivo data using the prostate orthotopic model suggest that development of

radiation response modulators for human prostate cancer affecting the ATM/CerS

pathway is essential to overcome radiation resistance in this cancer. Recently, a

selective tissue and subcellular distribution of the six mammalian CerS isoforms,

combined with distinct fatty acyl chain length substrate preferences, has been

described (Table 1) (Mesicek et al. 2010). This implicates differential functions

of specific ceramide species in cellular signaling in a stress stimulus-, cell type-, and

subcellular compartment-specific manner. Understanding the contribution of the

different CerSs homologs and their mode of activation within the different prostate

cancer cell types may provide new therapeutic molecular targets to manipulate the

radiation response of these cells. These studies may pave the way for future studies

looking at DNA-damage-inducing chemotherapeutic drugs and radiation to be used

in combination with specific PKCα activators and molecular targets within the

sphingolipids metabolic pathways to combat metastatic prostate cancer. Using

DAG-lactone as a radiosensitizer via activation of PKCα is currently being consid-

ered as a therapeutic approach for prostate cancer at our center.
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Abstract Atherosclerosis is the major cause of mortality in the developed

countries. Although presently known risk factors have some predictive value for

the disease, a major part of the variability in this process remains unexplained. It is

extremely important to find new approaches for better understanding of the disease

and for treating it. Exploration of the sphingolipid metabolism is one of these

approaches. Sphingolipids are a large class of lipids with structural and signaling

functions. Recent researches indicated that these lipids play important roles in the

development of atherosclerosis. In this chapter, we summarized the major findings

in the field.
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1 Sphingomyelin Synthesis in Atherosclerosis

Sphingomyelin synthesis is a major pathway of ceramide conversion. This is

accomplished by sphingomyelin synthase (SMS) enzymes. SMS gene family

consists of three members, SMS1-, SMS2-, and SMS-related protein (SMSr).

SMS1 is found in the trans-Golgi complex, while SMS2 is predominantly found

in the plasma membranes (Huitema et al. 2004; Yamaoka et al. 2004). SMSr, the

third member of the gene family, has no SMS activity but catalyzes the synthesis

of ceramide-phosphoethanolamine in the ER lumen (Huitema et al. 2004; Vacaru

et al. 2009). SMS1 and SMS2 activity are coexpressed in a variety of tissues and

cells with different ratios. SMS1 is the major SMS in macrophages (Li et al.

2012), while SMS2 is the major one in the liver (Liu et al. 2009a). Others and we

have shown that SMS1 and SMS2 expression positively correlates with

sphingomyelin levels in cells and lipid rafts (Miyaji et al. 2005; Van der Luit

et al. 2007; Li et al. 2007).

To study the importance of sphingomyelin production, we generated knockout

mice deficient in SMS1 and SMS2. Individual ablation of these enzymes decreases

plasma sphingomyelin by about 50 % (Table 1), indicating these two enzymes

contribute equally to plasma sphingomyelin levels. Further, SMS1 deficiency had

no effect, while SMS2 deficiency increased plasma ceramide levels (Table 1). More

importantly, SMS1, but not SMS2, knockout mice had fourfold to sevenfold

increase in glucosylceramide and GM3 in the plasma. Tissue analysis revealed

that SMS1 and SMS2 deficiencies significantly reduced cellular sphingomyelin

levels. Similar to plasma, glucosylceramide and ganglioside GM3 levels were

increased in the liver and macrophages of SMS1 deficient mice, but not in that of

SMS2 deficient mice.

Based on these observations, at least two different mechanisms involved in the

control of ceramide and sphingomyelin levels in the cells, related with atheroscle-

rosis processes, and in the circulation were postulated. First involves vesicular

trafficking that is well described for the transport of proteins from the Golgi to

the plasma membrane. Second, at least in lipoprotein synthesizing tissues such as

liver, intestine, and heart, sphingomyelins and ceramides could become part of

newly synthesized triglyceride-rich apolipoprotein B-containing lipoproteins in the

Golgi. There is significant evidence in the literature for this mechanism. It has been

reported that the major carriers of ceramide and sphingomyelin in the plasma are

very-low-density lipoproteins (VLDL) (Hammad et al. 2010). Studies in hamsters

suggest that de novo sphingolipids are secreted via VLDL/LDL pathway by the

liver (Memon et al. 1998, 1999). Moreover, isolated rat hepatocytes have been

shown to secrete ceramides and sphingomyelins as part of apoB-containing

particles (Merrill et al. 1995). Activation of serine palmitoyl transferase, the rate-

limiting enzyme in the de novo sphingolipid synthesis by palmitic acid but not other

fatty acids, elevates VLDL and LDL ceramides and sphingomyelins (Merrill et al.

1995). Despite evidence that hepatocytes secrete ceramides and sphingomyelin

with VLDL, it remains to be determined how ceramides and sphingomyelin are
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deposited in nascent lipoproteins. There are two candidate proteins that could play a

role in this process. First, microsomal triglyceride transfer protein (Hussain et al.

2003), which transfers several lipids, can transfer sphingolipids and deposit them in

nascent lipoproteins. Second, phospholipid transfer protein (Jiang et al. 2001) can

transfer these lipids onto nascent lipoproteins. Alternatively, there might be other

yet unidentified proteins that could specifically transfer sphingolipids to

lipoproteins.

2 Sphingomyelin and Atherosclerosis

2.1 Plasma Sphingomyelin and Atherosclerosis

Sphingomyelin, which is the second most abundant phospholipid in mammalian

plasma, appears in all major lipoproteins. Up to 18 % of total plasma phospholipid

exists as sphingomyelin (Nilsson and Duan 2006) with the ratio of phosphatidyl-

choline/sphingomyelin varying widely among lipoprotein subclasses (Subbaiah

et al. 1989). Atherogenic lipoproteins such as VLDL and LDL are sphingomyelin

enriched (Nilsson and Duan 2006; Rodriguez et al. 1976). The sphingomyelin

content of atherosclerotic lesions is higher than that of normal arterial tissue

(Zilversmit et al. 1961).

Williams and Tabas have suggested that subendothelial retention and aggregation of

atherogenic lipoproteins play a very important role in atherogenesis (Williams and

Tabas 1995, 1998). Sphingomyelin-rich LDL retained in atherosclerotic lesions is

acted on by an arterial-wall sphingomyelinase that appears to promote aggregation

and retention, initiating the early phase of atherosclerosis development (Schissel et al.

1996). Plasma sphingomyelin levels in ApoE KO mice are fourfold higher than those

in control mice (Jeong et al. 1998), and this may partially explain the increased

atherosclerosis found in these animals (Plump et al. 1992). Indeed, chemical inhibition

of sphingolipid biosynthesis significantly decreases plasma sphingomyelin levels, thus

lessening atherosclerotic lesions in ApoE KO mice (Hojjati et al. 2005; Park et al.

2004). Moreover, human plasma sphingomyelin levels are also an independent risk

factor for coronary heart disease (Jiang et al. 2000; Schlitt et al. 2006), and these levels

are prognostic in patients with acute coronary syndrome (Schlitt et al. 2006). All these

data suggest that plasma sphingomyelin plays a critical role in the development of

atherosclerosis. However, studies in mice revealed that inhibition of sphingolipid de

novo synthesis, leading to reduction of atherosclerosis, causes all tested sphingolipids

to be significantly decreased (Hojjati et al. 2005; Park et al. 2004). Consequently, one

could not rule out the effect of sphingolipids other than sphingomyelin on mouse

atherogenicity.

136 X.-C. Jiang and J. Liu



2.2 Membrane Sphingomyelin and Atherosclerosis

A great deal of knowledge about membrane sphingomyelin and atherosclerosis is

obtained from studies of macrophages. Macrophages are the most prominent cell

types in atherosclerotic lesions and are associated with two hallmarks of the disease:

foam cell formation due to excessive accumulation of cholesterol by macrophages

(Ross 1993) and inflammation (Nilsson and Duan 2006; Libby 2002). Macrophage

membrane sphingomyelin levels are closely related to macrophage cholesterol efflux

and inflammatory responses.

2.2.1 Lipid Rafts

The interaction of sphingomyelin, cholesterol, and glycosphingolipid drives the

formation of plasma membrane rafts (Simons and Ikonen 1997). Lipid rafts have been

shown to be involved in cell signaling, lipid and protein sorting, and membrane

trafficking (Simons and Ikonen 1997; Futerman and Hannun 2004; Holthuis et al.

2003). It is well known that both class A and B scavenger receptors (SR) are

located in lipid rafts (Kim et al. 2004; Graf et al. 1999; Rhainds et al. 2004).

Lipoprotein metabolism-related proteins, including LDL receptor-related protein

(von Arnim et al. 2005), ATP-binding cassette transporter ABCA1 (Landry et al.

2006; Jessup et al. 2006), and ABCG1 (Jessup et al. 2006), are also associated with

membrane rafts. Toll-like receptors (TLRs) and inflammatory response mediators

are also located in the lipid rafts of cells, including macrophages (Lee et al. 2006;

Wang et al. 2006a; Nakahira et al. 2006; Szabo et al. 2007). Lipid rafts may well have

an impact on the development of atherosclerosis. The statins (cholesterol biosynthesis

inhibitors) not only reduce cholesterol in the circulation but also significantly change

the rafts’ structure (Zhuang et al. 2005).

2.2.2 Macrophage Lipid Rafts and Cholesterol Efflux

In macrophages, ABCA1 exports cholesterol and phospholipid to lipid-free

apolipoproteins, while ABCG1 and SR-BI export cholesterol to phospholipid-

containing acceptors (Jessup et al. 2006). ABCA1-dependent cholesterol efflux

requires aid from membrane lipid rafts (Gaus et al. 2004; Mendez et al. 2001).

ABCG1 is mainly found intracellularly in the basal state, with little cell surface

presentation. But on stimulation, for example, by liver X receptor (LXR) agonist

treatment, ABCG1 redistributes to the plasma membranes and increases cholesterol

mass efflux to HDL (Wang et al. 2006b). ABCA1 and ABCG1 cooperate in

cholesterol efflux (Jessup et al. 2006). SR-BI facilitates cholesterol efflux from

macrophages (Huang et al. 2003). Since ABCA1, ABCG1, and SR-BI are located

in the plasma membranes, it is therefore conceivable that fundamental changes in

sphingomyelin and glycosphingolipid levels of macrophage plasma membranes

influence the functions of these proteins and alter cholesterol efflux. Indeed,
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reductions in cholesterol efflux from sphingomyelinase-deficient macrophages and

induction of cholesterol efflux by ABCA1 from sphingomyelin-deficient Chinese

hamster ovary (CHO) cells have been reported (Leventhal et al. 2001; Nagao et al.

2007). We found that SMS2 deficiency in macrophages diminishes plasma membrane

sphingomyelin levels and causes significant induction of cholesterol efflux in vitro

and in vivo (Liu et al. 2009b). Further serine palmitoyltransferase subunit

2 haploinsufficient, (SPTLC2+/�) macrophages have significantly lower SM levels

in plasma membrane and lipid rafts. This reduction enhanced cholesterol efflux,

in vitro and in vivo, mediated by ABCA1 and ABCG1 (Chakraborty et al. 2013,

J. Clin. Invest. In Press).

2.2.3 Macrophage Lipid Rafts and Inflammation

Macrophage toll-like receptors (TLRs) are critically involved in the inflammatory

responses (Beutler et al. 2006; Takeda and Akira 2005). Each TLR has a unique

extracellular domain that allows specific ligand recognition. The intracellular toll/

IL-1 receptor (TIR) domains share considerable homology, but there are enough

differences to cause diverse adapter molecules to be used by some TLRs

(Beutler et al. 2006; Takeda and Akira 2005; Miggin and O’Neill 2006; Miyake

2006). On ligand-induced stimulation, the TIR domain of TLRs associates with

the TIR domain of their respective adaptor molecules to initiate intracellular

signaling. MyD88 is a common TLR adaptor used by all TLRs, except for TLR3

(Miyake 2006). On stimulation with a specific ligand, the membrane-associated

TLRs (such as TLR2 and TLR4 and other components of the TLR complex) are

recruited into the lipid rafts (Triantafilou et al. 2004a, b). These rafts appear to

provide a platform for the interaction of TLRs with their ligands in macrophages

(Lee et al. 2006; Wang et al. 2006a; Nakahira et al. 2006; Szabo et al. 2007),

initiating NFκB and MAP kinase activation and proinflammatory cytokine pro-

duction, thus resulting in inflammatory responses.

Luberto et al. (Luberto et al. 2000) found that D609, a nonspecific SMS inhibi-

tor, blocks TNFα- and phorbol ester-mediated NFκB activation that was concomi-

tant with decreased levels of sphingomyelin and diacylglycerol. This did not affect

the generation of ceramide, suggesting sphingomyelin and diacylglycerol derived

from sphingomyelin synthesis are involved in NFκB activation. This effect may

have been mediated by SMS1, since SMS1 KO mice had significantly decreased

plasma, liver, and macrophage SM (59 %, 45 %, and 54 %, respectively), but had

only a marginal effect on ceramide levels. Moreover, SMS1 deficiency significantly

attenuated TLR4-mediated NFκB and MAP kinase activation after LPS treatment

(Li et al. 2012). However, SMS2 deficiency also significantly attenuates NFκB
activation (Hailemariam et al. 2008) and even SPTLC2 haploinsufficiency

(SPTLC2+/�) decreased inflammatory responses triggered by TLR4 and its down-

stream NFκB and MAP kinase pathways (Chakraborty and Jiang, unpublished

observations).
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In addition to TLRs, SMS1 has also been implicated in the regulation of lipid

raft sphingomyelin level and raft functions such as FAS receptor clustering

(Miyaji et al. 2005), endocytosis, and apoptosis (Van der Luit et al. 2007).

2.2.4 Macrophage Cholesterol Efflux and Inflammation

It is known that ABC transporter-mediated cholesterol efflux plays an important

role in macrophage inflammation. Yvan-Charvet et al. (2008) reported that macro-

phage ABCA1 and ABCG1 deficiencies increase free cholesterol accumulation and

increase signaling via TLRs. Zhu et al. reported that macrophage ABCA1 reduces

MyD88-dependent TLR trafficking to lipid rafts by reduction of lipid raft cholesterol

(Zhu et al. 2010). In addition, ABCA1 expression decreases cellular plasma

membrane rigidity by reducing formation of tightly packed lipid rafts (Landry et al.

2006). SMS2 deficiency (Liu et al. 2009b; Hailemariam et al. 2008) or SPTLC2

haploinsufficiency-mediated (Chakraborty et al. 2013, J. Clin. Invest. In Press)

sphingomyelin reduction in macrophage plasma membrane not only impairs inflam-

matory responses triggered by TLR4 pathway but also enhances reverse cholesterol

transport mediated by ABC transporters. Further implicating the importance of SMS

on inflammatory cells, low-density lipoprotein receptor-deficient (LDLR�/�) mice

transplanted with SMS2 KO- (Liu et al. 2009b) or SMS1 KO- (Li et al. 2012) or

SPTLC2+/� (Chakraborty et al. 2013, J. Clin. Invest. In Press) bone marrow exhibit

significantly less atherosclerotic lesions than that of controls.

3 Sphingosine-1-Phosphate and Atherosclerosis

Plasma sphingosine-1-phosphate (S1P) is mainly associated with HDL (Kimura

et al. 2001; Sachinidis et al. 1999) and reduces atherosclerosis through inhibition of

adhesion molecule expression and stimulation of endothelial nitric oxide synthase

(eNOS) in endothelial cells and expression of monocyte chemoattractant peptide

(MCP-1) in smooth muscle cells (Kimura et al. 2006; Tolle et al. 2008; Zhang et al.

2005). Recent study reported that those anti-atherogenic HDL actions on ECs are

partly mediated by S1P (Christoffersen et al. 2011).

S1P1–S1P3 are widely expressed, especially rich in cardiovascular and immune

system (Hla and Maciag 1990; Lee et al. 1999; Okazaki et al. 1993; Takuwa et al.

2008). S1P1 and S1P3 couple dominantly to Gi to lead to Rac activation and stimula-

tion of chemotaxis of endothelial cells through rho and PI3K/Akt/Rac pathways

(Okamoto et al. 1998, 2000; Sanchez et al. 2007; Sugimoto et al. 2003), whereas

S1P2 couples mainly to G12/13 to result in rho activation and phosphatase and tension

homolog (PTEN)-dependent inhibition of migration (Sanchez et al. 2005). Recent

studies from two groups both demonstrate that the area of the atherosclerotic plaque

is dramatically reduced in S1P2 KO/ApoE KO mice with reduced macrophage

density, increased SMC density and eNOS phosphoration, and downregulation of
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proinflammatory cytokines TNF-a, IL-6, IFN-r, andMCP-1 compared with ApoEKO

mice (Skoura et al. 2011; Wang et al. 2010). Macrophages from ApoE KO/S1P2
KO mice have a significantly less accumulation of modified LDL through decreased

uptake of oxidized LDLs and increased cholesterol efflux, further resulting in reduc-

ing foam cell formation and atherosclerotic lesions (Skoura et al. 2011; Wang et al.

2010). Thus, S1P2 plays a distinct role in promoting atherosclerosis. Although S1P3
deficiency does not affect lesion size, it shows dramatic reduction of the monocyte/

macrophage content and increased the smooth muscle cell content in lesions of

S1P3 KO/ApoE KO mice (Rhainds et al. 2004). Proinflammatory cytokine TNF-α
and MCP-1 both decrease in peritoneal macrophages in S1P3 KO/ApoE KO mice

(Keul et al. 2011). It suggests that S1P3 plays a causal role in atherosclerosis.

Fig. 1 The potential anti-atherogenic mechanism for plasma sphingomyelin reduction

Fig. 2 The potential anti-atherogenic mechanism for membrane sphingomyelin reduction
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FTY720, a synthetic analogue of S1P, functions as a potent agonist of four of

the fiveG protein-coupled S1P receptors except S1P2. Two groups report that FTY720

dramatically reduced atherosclerotic lesion volume in bothApoEKOmice (Keul et al.

2007) and LDL receptor KOmice (Nofer et al. 2007). The possible mechanism is that

the drug stimulates S1P3-mediated NO production, thus inhibiting the release of the

monocyte chemokine MCP-1 by SMCs, resulting in suppressing recruitment of

monocyte/macrophage into atherosclerotic lesions (Keul et al. 2007). Another group

indicates that FTY720 treatment inhibits atherosclerosis through reducing splenocyte

proliferation, interferon-γ levels, and proinflammatory cytokines in plasma

(Nofer et al. 2007). The ratio between inflammatory M1- and anti-inflammatory

M2-macrophages was decreased in LDL receptor KO mice treated with FTY720

(Nofer et al. 2007). In conclusion, though the role of S1P is complicated in the

development of atherosclerosis, S1P2 and S1P3 both are proatherogenic factors.

4 Conclusions

Direct experimental evidence in mouse models has demonstrated that inhibition of

sphingolipid de novo synthesis, sphingomyelin synthesis, and S1P2- or S1P3-mediated

signaling pathways significantly decreased atherogenesis. There are three potential

anti-atherogenic mechanisms for such inhibitions so far:

1. Decreasing sphingomyelin and ceramide contents in atherogenic lipoproteins

could decrease the aggregation of these particles in aorta (Fig. 1).

2. Decreasing sphingomyelin levels on cell, especially macrophage, membrane

lipid rafts could attenuate inflammatory responses and promote cholesterol

efflux, thus preventing atherogenesis (Fig. 2).

3. Decreasing S1P-dependent stimulation of S1P2 and S1P3 could decrease athero-

sclerotic lesion formation and macrophage residency.

Much progress has been made from the description of sphingolipids in the

atherosclerotic lesion to recognition of a causal relationship between distinct

sphingolipids and atherogenesis. However, sphingolipid studies in atherosclerosis

field are still in the infant stage, compared with cholesterol studies. Fundamental

questions, including the delineation of molecular pathways, remain to be addressed.

Atherosclerosis is the major cause of mortality in the developed countries. Therapy

aimed at lowering LDL cholesterol reduces only a small fraction (roughly 30%) of the

burden of atherosclerotic disease (Maher et al. 1997; Kjekshus and Pedersen 1995). It

is extremely important to find new approaches for better understanding of the disease.

Exploration of the sphingolipid metabolism is one of these approaches.
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Abstract Sphingosine-1-phosphate (S1P) regulates important functions in cardiac

and vascular homeostasis. It has been implied to play causal roles in the pathogen-

esis of many cardiovascular disorders such as coronary artery disease, atheroscle-

rosis, myocardial infarction, and heart failure. The majority of S1P in plasma is

associated with high-density lipoproteins (HDL), and their S1P content has been

shown to be responsible, at least in part, for several of the beneficial effects of HDL

on cardiovascular risk. The attractiveness of S1P-based drugs for potential cardio-

vascular applications is increasing in the wake of the clinical approval of FTY720,

but answers to important questions on the effects of S1P in cardiovascular biology

and medicine must still be found. This chapter focuses on the current understanding

of the role of S1P and its receptors in cardiovascular physiology, pathology, and

disease.
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1 Plasma S1P and HDL as Its Bioactive Carrier

The plasma concentrations of S1P in healthy individuals range between 200 and

1,000 nM and are considerably higher than those of any other extracellular fluid

(Okajima 2002; Zhang et al. 2005; Sattler et al. 2010). The amphipathic nature of

S1P precludes it from being present in a free, unbound form in plasma. There, it is

bound to several lipoproteins, of which high-density lipoproteins (HDL) are the

most important ones (~80–90 % of the plasma S1P), followed by low-density

lipoproteins and very-low-density lipoproteins (together less than 10 %), with the

remainder being bound to albumin (~10–20 %) (Murata et al. 2000; Sattler and

Levkau 2009). HDL-bound S1P is biologically active: several biological effects of

HDL can be attributed in part or entirely to the S1P contained within (Sattler and

Levkau 2009). This has been revealed by the requirement of S1P receptor signaling

for a number of HDL effects (Sattler and Levkau 2009). These are, among others,

nitric oxide (NO) production through eNOS, NO-dependent vasodilatation, angio-

genesis, Akt and Erk signaling, and certain aspects of the anti-oxidative, anti-

apoptotic, and anti-inflammatory actions of HDL (Sattler and Levkau 2009).

These observations are of utmost importance since plasma HDL cholesterol

(HDL-C) levels are the best negative predictor of human cardiovascular disease

(Barter et al. 2007) and raise the important question whether the S1P-content of

HDL may be useful as a biomarker of human cardiovascular disease or may even

constitute a therapeutic target. The first has proven to be the case: S1P contained in

the HDL fraction from patients with coronary artery disease is lower than in healthy

individuals and the S1P outside of HDL higher, respectively (Sattler et al. 2010).

The second notion has yet to be addressed.

S1P binds with an extremely high affinity to HDL (Kontush et al. 2007).

Accordingly, plasma S1P levels correlate positively with HDL-C as well as

apolipoproteins AI and II as the two major apolipoproteins within HDL (Zhang

et al. 2005). The binding partners of S1P within the HDL particle and their

biochemical requirements for S1P binding have only begun to be characterized.

Apolipoprotein M (ApoM) has been found to bind S1P in vitro (Sevvana et al.

2009) and in vivo (Christoffersen et al. 2011), and mice deficient for ApoM have

~90 % lower S1P concentrations contained in their HDL fraction (Christoffersen

et al. 2011). In vitro, ApoM-deficient HDLwas less potent in activating Akt and Erk

signaling, promoting endothelial cell migration, and inducing endothelial adherens

junction formation, respectively (Christoffersen et al. 2011). However, plasma S1P

levels in ApoM-deficient mice were only ~50 % lower suggesting that other

apolipoproteins and/or lipoproteins must also play a role. Another hint comes

from a study that found no correlation between plasma S1P and ApoM levels in
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humans (Karuna et al. 2011), while such correlations very well exist for ApoAI and

II (Zhang et al. 2005).

Only 1–2 % of the total plasma S1P is biologically active. However, as total

plasma S1P concentrations (200–1,000 nM) are 20–100-fold higher than the Kd

value of its receptors (Murata et al. 2000; Mandala et al. 2002), this is still sufficient

for the maintenance of the “tonic,” continuous signaling by S1P required for

vascular integrity (Sanna et al. 2006; Camerer et al. 2009). As the largest part of

S1P in plasma is biologically inactive and most of plasma S1P is associated with

HDL, some part of the HDL-bound S1P must be inaccessible for signaling. How

large it is and which part of the total S1P contained in HDL is actually serving

signaling purposes is unknown. However, the capacity of HDL to take up additional

S1P is 10-fold higher than already present within the particle as calculated per

milligram of protein. The biophysical topography and signaling proficiency of S1P

inside HDL are still a matter of investigation.

Erythrocytes are quantitatively the most important source of plasma S1P. They

lack S1P-lyase and are extremely potent in synthesizing and releasing S1P from

sphingosine (Pappu et al. 2007). Platelets, mast cells, and leukocytes, especially

upon activation, can also produce and secrete S1P. In addition, vascular and

lymphatic endothelial cells can both synthesize and release S1P (Pappu et al.

2007; Venkataraman et al. 2008). Inside the cell, S1P moves freely between

membranes but requires specific transport mechanisms for its translocation to the

outer leaflet of the cytoplasmic membrane (Hannun and Obeid 2008; vanMeer et al.

2008). It is still unknown how S1P is transferred from there to the HDL particle. In

any case, a direct contact between HDL and the cell membrane has been postulated

as necessary. Both a passive transfer from erythrocytes (Bode et al. 2010) and an

active transport via a yet unidentified erythrocyte ABC transporter without require-

ment for ATP hydrolysis (Kobayashi et al. 2009) have been proposed. Plasma S1P

levels are unaltered in mice deficient for ABCA1, ABCA7, ABCC1 (Lee et al.

2007), or the sphingolipid transporter spinster homologue 2 (Spns2) (Kawahara

et al. 2009; Osborne et al. 2008; Fukuhara et al. 2012), suggesting that they are

dispensable for the maintenance of plasma S1P levels. In summary, plasma is the

extracellular compartment with the highest S1P concentrations, but S1P bioavail-

ability and signaling propensity are determined by its most important carrier in

plasma, high-density lipoproteins.

2 Cardiac Development

There are five cognate G-protein-coupled receptors for S1P, S1P1–5, with a Kd of

8–20 nM (Rivera and Chun 2008). The details on receptor binding and activation

are complex as individual S1P receptors couple to one or more G-proteins with

considerable overlap: of the main cardiovascular S1P receptors, S1P1 is coupled to
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Gi/o (preferentially Giα1 and Giα3); S1P2 to Gi/o, G12/13, and Gq; and S1P3 to Gi/o, Gq,

or G12/13 (Hannun and Obeid 2008; Rivera and Chun 2008). The coupling of one

receptor to different G-proteins and the simultaneous activation of several S1P

receptors underlie the variety of downstream signaling events (Spiegel and Milstien

2003). Vertical S1P signaling induces the activation of phospholipase C and Ca2+

mobilization via Gq, activation of Erks and PI3K, and inhibition of adenylate

cyclase via Gi, as well as the activation of Rho/actin cytoskeleton assembly via

G12/13 (Chun et al. 2010). In addition, S1P receptors have been shown to

transactivate tyrosine kinase receptors such as VEGFR, PDGFR, and EGFR

(Olivera and Spiegel 1993; Hobson et al. 2001; Waters et al. 2003; Tanimoto

et al. 2002) as well as G-protein-coupled receptors such as the CXCR4 (Walter

et al. 2007; Ryser et al. 2008; Kimura et al. 2004). A crossactivation of the TGF-β
receptor type II by Smads activation has also been described (Xin et al. 2004). S1P

receptor signaling occurs at the full spectrum of the S1P binding curve: low

concentrations transactivate the PDGFR, those at the steep slope turn off lympho-

cyte recirculation, while high concentrations (50–100-fold higher than the Kd) lead

to receptor desensitization and degradation (Rosen et al. 2008).

The S1P receptors that are predominantly expressed in the adult rodent heart are

S1P1, S1P2, and S1P3. S1P1 is approximately 4–6-fold more abundant than the other

two (Alewijnse et al. 2004). Adult human hearts express similar amounts of S1P1
and S1P3 and much less S1P2. S1P1 is strongly expressed in ventricular, septal, and

atrial cardiomyocytes and in endothelial cells of cardiac vessels (Mazurais et al.

2002). In the developing mouse heart, S1P1–3 are expressed from E8.5 to E12.5

together with S1P4 (Wendler and Rivkees 2006). Signaling through S1P affects

heart development in zebra fish: themiles apart (mil) mutation, an orthologue to the

mammalian S1P2, results in impaired fusion of the bilateral heart tubes leading to

cardia bifida (Kupperman et al. 2000). Interestingly, its expression is required in

extracardiac tissue and not in the precardiac cells that normally migrate to the

midline and fuse to build the definitive heart tube (Kupperman et al. 2000). The

sphingolipid transporter Spns2 identified in zebra fish was shown to cause the two of
heartsmutation (Kawahara et al. 2009; Osborne et al. 2008). This indicates that S1P

signaling is involved in early cardiac morphogenesis. S1P signaling is also impor-

tant during early heart development. It influences the migration, differentiation, and

survival of embryonic cardiac cells (Wendler and Rivkees 2006). The maintenance

of a specific concentration range of S1P is apparently necessary for cardiac cushion

development as a decrease as well as an increase in S1P hamper the process, with

low S1P leading to cell death and high S1P inhibiting cell migration and mesen-

chymal cell formation (Wendler and Rivkees 2006). In mice, S1P2 and S1P3
knockouts display no overt cardiac phenotype (Ishii et al. 2002; Liu et al. 2000;

MacLennan et al. 2001). Knockout mice for S1P1 die during embryogenesis

between embryonic day E12.5 and E14.5 due to the vascular hemorrhage thus

precluding the investigation of S1P1 in cardiac development.

The enzymes responsible for S1P production and degradation are also present

and active in the heart. Sphingosine kinases 1 and 2 (Sphk1 and Sphk2) are both

expressed and enzymatically active in the heart (Argraves et al. 2004). Their
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cardiac expression has been found as early as E8.5 (Wendler and Rivkees 2006),

with Sphk2 but not Sphk1 activity decreasing with age (Vessey et al. 2009). S1P

phosphatase 1 (SPP1) is also expressed in the adult heart (Johnson et al. 2003;

Mandala et al. 2000) and throughout the early stages of cardiac development

(Wendler and Rivkees 2006). The gene for S1P lyase (Sgpl1) is transcriptionally

active in the rodent heart (Zhou and Saba 1998), and the enzyme is active there

(Bandhuvula et al. 2011), respectively. S1P lyase is expressed much more abun-

dantly in cardiomyocytes than in cardiac fibroblasts (Bandhuvula et al. 2011). In the

vasculature, Sphk1 is present in arteries, but its expression differs dependent on the

vascular bed: e.g., the mRNA is expressed 40–80-fold higher in cerebral arteries

than in the aorta or mesenteric arteries (Salomone et al. 2010). The mRNA

encoding SPP1 has been shown to be expressed in Hamster gracilis muscle resis-

tance arteries (Peter et al. 2008).

3 Vascular Development

Vascular smooth muscle cells (VSMC) express mainly S1P2, less S1P3, and even

less S1P1 (Alewijnse and Peters 2008). However, VSMC from different vascular

beds and different differentiation states may differ substantially in their S1P

receptor abundance (Kluk and Hla 2001). Endothelial cells express predominantly

S1P1, less S1P3, and only little S1P2 under normal circumstances (Alewijnse and

Peters 2008; Ozaki et al. 2003; Saba and Hla 2004), but again, in endothelial

pathologies as in hypoxic retinopathy, S1P2 functions become crucial (Skoura

and Hla 2009). Endothelial cells of different origins (arteries, capillaries, veins,

lymphatics) and different arteries (aortic, cerebral, coronary, renal, and mesenteric)

also differ in their relative S1P receptor expression (Levkau 2008; Igarashi and

Michel 2009).

S1P1 knockout mice die during embryogenesis between E12.5 and E14.5 due to

vascular hemorrhage because of the inability of their vascular smooth muscle cells

(VSMC) to surround and support the developing vasculature (Liu et al. 2000). The

recruitment of VSMC requires S1P1 in endothelial cells but not VSMC suggesting

that the paracrine effects play the decisive role, which is confirmed by the appear-

ance of same phenotype in endothelial-specific S1P1 knockout mice (Allende and

Proia 2002). Identical defects are also displayed by knockout mice for both Sphk1

and Sphk2 that completely lack S1P (Mizugishi et al. 2005). These studies demon-

strate the important role of S1P in vascular morphogenesis. The mechanistic basis

for the defects could be deduced from the effects S1P has been shown to have in

vascular cells: it stimulates endothelial proliferation, migration, and angiogenesis;

protects against apoptosis; and guards vascular integrity (Rosen et al. 2009; Hla

2004). It is also a potent chemoattractant for endothelial cells (Hla et al. 2001) and

promotes directed migration, vascular differentiation, and capillary network forma-

tion (Liu et al. 2000; Lee et al. 1999). Small GTPases play an important role as

mediators of these effects: Rac1 activation by S1P1 induces focal contact assembly,
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membrane ruffling, and cortical actin formation via Gi, while RhoA activation by

S1P3 promotes stress fiber assembly via Gq (Skoura and Hla 2009).

S1P2 and S1P3 play more discrete roles in vascular development that are not

evident in the single knockouts but rather reveal themselves in the vascular defects

present in S1P1, S1P2, and S1P3 triple knockouts, where the embryos die earlier

(between E10.5 and E11.5) and exhibit a more severe phenotype (Kono et al. 2004).

The underlying mechanisms are incompletely understood. In vitro, S1P2 appears to

have both anti-migratory and anti-angiogenic effects in endothelial cells: pharma-

cological S1P2 blockade enhances the pro-migratory response of S1P elicited by

S1P1, while overexpression of S1P2 inhibits S1P-induced migration by suppressing

Rac1 activity (Ryu et al. 2002). S1P2 is a hypoxia-regulated gene and its deletion

makes mice resistant to hypoxia-triggered neoangiogenesis suggesting S1P2 to be

important in ischemia-driven retinopathy (Skoura et al. 2007). Vice versa, S1P2
activates hypoxia-inducible factor 1 (HIF-1) in a hypoxia-independent manner and

HIF-1-regulated genes such as VEGF (Michaud et al. 2009). Tumor-associated

angiogenesis is another S1P-responsive process: an antibody that neutralizes S1P

has been shown to reduce tumor angiogenesis and block tumor progression in

several xenograft and allograft tumor models (Visentin et al. 2006), while its

humanized version inhibited retinal and choroidal neovascularization in oxygen-

induced ischemic retinopathy (Xie et al. 2009).

4 Cardiac Function and Heart Rate

Blood pressure and cardiac function are not altered in S1P2-deficient mice (Lorenz

et al. 2007), and blood pressure is normal in S1P3-deficient mice (Levkau et al.

2004). The embryonically lethal phenotype of the global S1P1 knockout has

precluded the assessment of cardiac function in vivo, and no data are yet available

on a cardiomyocyte-specific deletion of S1P1. In cardiomyocytes in vitro, S1P

induces protein synthesis and cellular hypertrophy (Robert et al. 2001). Via S1P1,

it exerts negative inotropic effects in response to adrenergic stimulation through Gi

and the inhibition of cAMP formation (Landeen et al. 2008; Means et al. 2007).

Furthermore, S1P activates the MAPK and STAT3 in cardiomyocytes (Frias et al.

2009), which have both been implicated in the physiological hypertrophic response

(Kunisada et al. 1998). Cardiomyocytes from S1P3 but not S1P2 receptor knockout

mice cannot activate PLC in response to S1P (Means and Brown 2009). As Gq

signaling and pressure overload-induced hypertrophy are closely associated, it

has been suggested that the S1P3/Gq/PLC pathway may contribute to cardiac

hypertrophy, but this has not been corroborated experimentally (Means and

Brown 2009). S1P levels have not been found changed in the peripheral circulation

of patients with symptomatic heart failure (Knapp et al. 2012), and it is currently

unknown whether pharmacological alteration of S1P receptor signaling may be

effective in the setting of heart failure (Mann 2012).
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S1P exerts several effects on ion currents in cardiomyocytes in vitro. It

stimulates the inward rectifier potassium current (IK.ACh) resulting in the reduction

of spontaneous pacing rate (Guo et al. 1999) and inhibits the isoproterenol-induced

increase in L-type calcium channels (ICa,L) currents, respectively, as well as the

hyperpolarization-activated inward current (If) thereby attenuating the positive

chronotropic effects of β-adrenergic stimuli in sinoatrial node cells and ventricular

myocytes (Landeen et al. 2008; Guo et al. 1999). In vivo, S1P receptors are

involved in the control of heart rate. FTY720 phosphate induces a transient brady-

cardia in mice and men (Cohen 2011; Sanna et al. 2004; Budde et al. 2002).

Experimental studies suggest that both S1P1 and S1P3 agonism prior to receptor

internalization are involved in the process (Sanna et al. 2004; Forrest et al. 2004;

Koyrakh et al. 2005). However, species differences including S1P receptor subtype

differences have also been observed, which may differentially affect heart rate in

mouse (Sanna et al. 2004) and humans (Cohen 2011). These differences may in part

explain the absence of related cardiac abnormalities in humans exposed for up to

7 years to FTY720.

5 Arterial Tone

S1P plays an important role in the regulation of arterial tone (Levkau 2008; Igarashi

and Michel 2009). It acts on S1P receptors on endothelial and VSMC in concert

with other vasoactive substances and affects the contractile mechanisms of VSMC

as a second messenger. Exogenous application of S1P to isolated vessels promotes

vasoconstriction in mesenteric, cerebral, and coronary arteries but not in femoral

and carotid arteries or aorta and does so via direct effects on VSMC (Igarashi and

Michel 2009; Salomone et al. 2008). An explanation may be the different expres-

sion of S1P receptors (e.g., aorta versus cerebral arteries) (Coussin et al. 2002) as

well as of Sphk1 (40–80-fold higher in cerebral mesenteric arteries or aorta)

(Salomone et al. 2010) although this has not been examined systematically.

S1P has been shown to induce vasoconstriction in the basilar artery of wild-type

and S1P2-deficient but not S1P3-deficient mice suggesting S1P3 to be the responsible

receptor (Salomone et al. 2008). In cerebral arteries, a S1P3 antagonist (Murakami

et al. 2010) and FTY720 phosphate (Salomone et al. 2008) induced vasoconstriction

in a S1P3-dependent manner, while in coronary arteries S1P3 activation decreased

myocardial perfusion (Levkau et al. 2004). S1P2 knockout mice exhibited a decrease

in resting vascular tone as well as in the contractile response to α-adrenergic
stimulation (Lorenz et al. 2007). They had an elevated regional blood flow together

with decreased mesenteric and renal resistance without any effects on systemic blood

pressure, suggesting that S1P2 regulates homeostatic arterial tone in the mesenterium

and kidney (Lorenz et al. 2007). In line with this, S1P has been shown to be produced

and secreted by VSMC, to engage S1P2 in an autocrine/paracrine manner, and to be

important for the myogenic response of resistance arteries (the vasoconstrictive
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reaction in response to increased transmural pressure as an adaptory mechanism to

maintain constant blood flow to tissues) (Peter et al. 2008; Bolz et al. 2003). This

myogenic response involves a pool of extracellular S1P generated by Sphk and

degraded by the SPP1 after import into the cell by the cystic fibrosis transmembrane

conductance regulator (CFTR) (Peter et al. 2008). The increase in myogenic tone of

cerebral arteries that went along with a decreased cerebral perfusion in a model of

heart failure has been attributed to a decreased CFTR-mediated S1P uptake and

degradation (Meissner et al. 2012). While the vasoconstrictive effects of S1P are

mediated by its actions on VSMC, its effects on endothelial cells cause the opposite.

S1P is an important stimulator of NO production in endothelial cells through activa-

tion of the eNOS (Igarashi and Michel 2008, 2009; Dantas et al. 2003). This has

physiological consequences as S1P can vasodilate precontracted aortae of mice and

rats ex vivo (Salomone et al. 2008; Nofer et al. 2004) and reverse the endothelin-

induced elevation of mean arterial blood pressure after intra-aortic injection in vivo

(Nofer et al. 2004). Thus S1P effects on endothelial cells counteract those on VSMC

especially when arterial tone is already elevated, making S1P an important factor in

the fine-tuning of vascular tone (Levkau 2008).

Besides receptor-dependent effects of S1P on vascular tone, also receptor-

independent ones have been described, in which it acts as an intracellular second

messenger (Salomone et al. 2008). Sphk1-produced S1P is generated by various

G-protein-coupled receptor agonists such as 5-hydroxytryptamine and activates Ca2+-

sensitizing mechanisms such as the RhoA/Rho kinase pathway leading to increased

myosin light chain phosphorylation and contraction (Salomone et al. 2008).

Accordingly, Sphk inhibition and Sphk1 knockout mice have blunted vaso-

constriction responses to several GPCR agonists and even KCl. This is S1P

receptor-independent as the contraction to the prostanoid U46619 and endothelin

1 in basilar arteries from both S1P2 and S1P3 knockout mice was normal (Salomone

et al. 2008), and Sphk inhibition blocked vasoconstriction in cerebral arteries from

S1P3 knockout mice (Salomone et al. 2010). These studies suggest that intracellular

S1P actions may be important mediators of the vasoconstriction response induced

by many G-protein-coupled receptors.

6 Myocardial Infarction and Ischemic Preconditioning

S1P plays an important protective role during myocardial ischemia/reperfusion injury

and takes part in the processes of pre- and postconditioning (Karliner 2006). In

isolated mouse hearts subjected to ischemia/reperfusion, administration of S1P

improved hemodynamics, reduced creatinine kinase release, and diminished infarct

size (Vessey et al. 2006). In a mouse model of acute myocardial infarction, S1P

administration also reduced infarct size (Theilmeier et al. 2006). A decline of

myocardial Sphk activity that was accompanied by a decrease in S1P levels has

been described to occur during ischemia, and Sphk1-deficient hearts had larger

infarct sizes when subjected to ischemia/reperfusion injury (Karliner 2009). To the

opposite, heterozygous S1P lyase knockout hearts exhibited smaller infarct sizes and
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better functional recovery after ischemia/reperfusion (Bandhuvula et al. 2011). Phar-

macological inhibition of the S1P lyase using tetrahydroxybutylimidazole also

reduced infarct size and enhanced hemodynamic recovery (Bandhuvula et al. 2011).

In vitro, S1P rescued isolated cardiomyocytes from hypoxia through S1P1 and

Gi-dependent activation of Akt as shown with the S1P1 receptor agonist SEW2871

(Zhang et al. 2007; Hofmann et al. 2009). A different study has implied S1P2
together with S1P3 in Akt and Erk activation in cardiomyocytes, whereas S1P1
exclusively decreased cAMP accumulation (Means et al. 2008). Coronary ische-

mia/reperfusion injury in vivo was altered neither in S1P2- nor S1P3-deficient mice

(Theilmeier et al. 2006; Means et al. 2008) but greatly enhanced in the double

knockouts. In these, Akt activation by ischemia/reperfusion as well as exogenous

S1P was abolished (Means et al. 2007). Exogenous application of S1P prior to

ischemia/reperfusion decreased infarct size (Theilmeier et al. 2006) and its

cardioprotective effect was dependent on S1P3 and nitric oxide generation (NO)

(Theilmeier et al. 2006). Several endothelial S1P effects potentially relevant in the

setting of ischemia/reperfusion are also known to be intrinsic to NO: endothelial

barrier sealing, inhibition of neutrophil adhesion, and prevention of microvascular

leakage (Schulz et al. 2004; Bolli 2001). Thus increased NO production in the

microcirculation following endothelial S1P3 signaling may play a crucial role in the

rather mild, inflammation-dominated injury setting of short ischemia/reperfusion.

However, with longer ischemia periods, a reperfusion injury dominated by

cardiomyocyte death becomes the leading cause, and the direct anti-apoptotic

effects of S1P on cardiomyocytes (Theilmeier et al. 2006; Karliner et al. 2001;

Jin et al. 2004) may become increasingly important. In a model of permanent

coronary occlusion, Sphk activity was reduced and S1P1 expression decreased,

respectively, early after infarction in the remote, uninfarcted myocardium (Yeh

et al. 2009). S1P1 activation with oral SEW2871 during the first 2 weeks after

infarction resulted in improved myocardial function (Yeh et al. 2009), suggesting

that impaired S1P signaling plays a role in the development of ischemic cardiomy-

opathy. However, caution should be exercised with agonists such as SEW2871 as it

induced irreversible tachyarrhythmias during reperfusion (Tsukada et al. 2007) and

increased ventricular tachyarrhythmias and mortality when administered before

reperfusion (Hofmann et al. 2010). Peculiarly, it protected against reperfusion

arrhythmias when administered 24 h prior to ischemia (Hofmann et al. 2010).

When FTY720 was administered in isolated rat hearts during reperfusion, it

attenuated the rise in left ventricular end-diastolic pressure and improved the

recovery of left ventricular developed pressure (LVDP) but did not ameliorate

infarct size; SEW2871 was not able to improve recovery and even increased

LVDP in this setting (Hofmann et al. 2009). In vivo, FTY720 did not alter infarct

size—neither when given immediately at reperfusion nor 24 h before (Hofmann

et al. 2010). The underlying mechanisms are unknown.

Pathological remodeling of the ventricle after myocardial infarction is the

cause for cardiac dilation and ischemic cardiomyopathy. It is governed by the

transformation of cardiac fibroblasts into myofibroblasts and their deposition of

extracellular matrix. Sphk activity is 10-fold higher in cardiac fibroblasts than in
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adult mouse cardiomyocytes and promoted hypoxia-induced proliferation while

dampening the pro-inflammatory response (Kacimi et al. 2007). S1P was shown to

induce myofibroblast transformation and increase collagen expression in a S1P2-

dependent manner (Gellings Lowe et al. 2009). Also, the pro-fibrotic cytokine

TGF-β activated Sphk1 (Gellings Lowe et al. 2009). Administration of a S1P-

neutralizing antibody in a mouse coronary ligation model attenuated macrophage

and mast cell infiltration into the infracted zone and reduced perivascular fibrosis

within the non-infarcted myocardium, suggesting that S1P promotes pathological

fibrosis (Lowe et al. 2006). The effect of S1P blockade on remodeling and cardiac

function after myocardial infarction in vivo has yet to be addressed.

Ischemic preconditioning is a process where brief periods of ischemia render the

heart more resistant to subsequent prolonged periods of ischemia and reperfusion

(Vessey et al. 2006). S1P has been shown to participate in the process: ischemic

preconditioning was associated with an increase in cardiac S1P levels and prevented

the decline of Sphk enzyme activity during ischemia (Jin et al. 2004), while

pharmacological inhibition of Sphk by dimethylsphingosine abolished the benefit

of ischemic preconditioning (Lecour et al. 2002), and no preconditioning occurred

in Sphk1-deficient hearts (Jin et al. 2005). Vice versa, adenoviral overexpression of

Sphk1 protected against myocardial injury and prevented hemodynamic deteriora-

tion during ischemia/reperfusion injury in rat hearts (Duan et al. 2007). The complex

mechanisms involved in ischemic preconditioning serve all to inhibit the mitochon-

drial permeability transition pore (mPTP), which is the critical determinant of lethal

reperfusion injury in the heart (Hausenloy and Yellon 2007). S1P may be

participating in several aspects of preconditioning. The cytokine TNFα is involved

in the endogenous protection exhibited by ischemic preconditioning (Skyschally

et al. 2007) and activates both sphingomyelinase and Sphk (Dettbarn et al. 1994;

Oral et al. 1997; Thielmann et al. 2002; Hannun and Bell 1989; Coroneos et al.

1995). Thus Sphk may be a mediator of the beneficial TNFα effect, especially as

inhibition of ceramidase by N-oleoylethanolamine (NOE) abolished both ischemic

and TNFα-mediated preconditioning (Lecour et al. 2002; Skyschally et al. 2007).

The anesthetic isoflurane, a well-known preconditioning agent in many organs

including the heart (Ludwig et al. 2004), protects the kidney against ischemia/

reperfusion injury via Sphk activation and S1P production (Kim et al. 2007).

εPKC is required for ischemic preconditioning (Gray et al. 2004). In εPKC-deficient
mice, the beneficial effects of Sphk-activating agents such as GM-1 were absent and

the Sphk1 activation through preconditioning lost, respectively, (Karliner 2006; Jin

et al. 2002, 2004), suggesting that Sphk activation is upstream of εPKC. As
application of S1P was protective in εPKC-deficient hearts (Jin et al. 2002) and

compensated for the adverse effects of Sphk inhibition or deficiency on infarct size

and preconditioning (Karliner 2006; Jin et al. 2004), exogenous actions of S1P are

apparently sufficient for protection. The most obvious candidates to mediate them

are S1P receptors. However, their identity and involvement is currently unknown.

Sphk2 has also been demonstrated to protect against ischemia/reperfusion injury

and contribute to ischemic preconditioning as shown by the larger myocardial

injury and absence of preconditioning, respectively, in Sphk2-deficient hearts,
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albeit the mechanism paying a role there is apparently different from that by Sphk1

(Vessey et al. 2011). The lack of preconditioning in the absence of Sphk2 may

simply be due to its necessity (besides that of Sphk1) to achieve enough S1P for

preconditioning. However, another explanation has been put forward as well.

Sphk2 mediates S1P synthesis in mitochondria, and a mitochondrial S1P pool

appears to be important for proper assembly of the respiratory chain (Strub et al.

2011). Sphk2-deficient mice have decreased mitochondrial cytochrome oxidase

activity and reduced respiration, which leads to increased reactive oxygen species

generation that may thus facilitate the opening of the mitochondrial permeability

transition pore to increase reperfusion injury.

Finally, S1P and Sphk1 are important not only in ischemic pre- but also

postconditioning (Jin et al. 2008). Postconditioning is a phenomenon where brief

periods of ischemia/reperfusion are administered at the beginning of the reperfusion

period after prolonged ischemia and act in a cardioprotective manner (Zhao et al.

2003).

7 Arterial Remodeling and Response to Injury

Arterial remodeling takes place in the arterial wall both during the development of

native atherosclerosis as well as the restenotic response of the artery after balloon

angioplasty or stenting. The dedifferentiation of vascular smooth muscle cells is a

fundamental phenomenon that underlies the morphological changes of the arterial

wall. During this process, VSMC with a contractile quiescent phenotype typical for

cells from the media transdifferentiate into the VSMC of synthetic and migratory

phenotype characteristic for lesions. The causal stimulus for this process is vascular

injury. As a consequence, medial VSMC downregulate expression of contractile

genes, migrate to the newly forming VSMC rich neointima, and proliferate. In this

process, the transcriptional repression of VSMC-specific differentiation genes plays

a crucial role such as SMα-actin, smooth muscle myosin heavy chain (SMMHC),

and SM22α, which all have a CArG box in their promoters to which serum response

factor (SRF) and myocardin or myocardin-related transcription factors (MRTFs)

bind (Wamhoff et al. 2008). S1P has been shown to increase the expression of

these genes through a RhoA/MRTF-dependent pathway, with S1P receptors

playing an important role (Wamhoff et al. 2008): S1P2 promoted and S1P1/S1P3
inhibited S1P-induced activation of SMα-actin and SMMHC via L-type voltage-

gated Ca2+ channels and RhoA/Rho kinase-dependent SRF enrichment of CArG

box promoter regions (Wamhoff et al. 2008; Grabski et al. 2009). Finally, VSMC

from different vascular beds and different phenotypes (medial versus neointimal

VSMC) (Kluk and Hla 2001) have different S1P receptor expression levels: pup-

intimal VSMCs express higher levels of S1P1 than adult-medial VSMCs (Kluk and

Hla 2001) and respond differently to S1P.

S1P has been shown to inhibit VSMC migration toward potent chemotactic

stimuli such as PDGF-BB in mouse, rat, and human VSMC in vitro via inhibition
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of Rac1 activation by S1P2 (Ryu et al. 2002; Bornfeldt et al. 1995; Okamoto et al.

2000). S1P2-deficient VSMCs migrate faster to S1P and PDGF-BB than wild-type

cells in vitro (Shimizu et al. 2007; Wang et al. 2010). Most studies suggest that S1P

itself is not chemotactic for VSMC (Ryu et al. 2002; Bornfeldt et al. 1995; Okamoto

et al. 2000), although one study has found this to be the case (Wang et al. 2010). Thus

S1P2 may serve as an important brake on migration that becomes visible only with

potent chemotactic stimuli. Studies on the proliferation effects of S1P on VSMC are

difficult to interpret: no effect has been described for S1P both in human and mouse

VSMC (Bornfeldt et al. 1995; Keul et al. 2010) but a stimulatory one for rat VSMC,

where it was abolished by a S1P1/S1P3 inhibitor (Wamhoff et al. 2008). In vitro,

S1P2-deficient VSMC did not show altered proliferation in one study (Shimizu et al.

2007) but an enhanced one in another (Wang et al. 2010). S1P3-deficient VSMCs

exhibit no alterations in proliferation or migration (Keul et al. 2010).

S1P receptor signaling might be affecting the arterial remodeling process by any

or all of these means. Administration of a S1P1/S1P3 antagonist inhibited neointima

formation after carotid balloon injury in rats (Wamhoff et al. 2008), while

neointima formation was greatly enhanced in S1P2
�/� and S1P3

�/� mice after

carotid ligation (Shimizu et al. 2007; Keul et al. 2010). In the case of S1P2, S1P

signaling may be preventing both VSMC migration from the media into the intima

and their proliferative response (Grabski et al. 2009). The reasons for increased

neointima formation in S1P3
�/� mice after carotid ligation are yet unknown (Keul

et al. 2010). A plausible reason for the observed differences among mouse stains

and rats is the dependence of the extent of arterial remodeling dependent on the

genetic background: FVB mice with a tendency to a larger neointima formation

have lower S1P2 and higher S1P1 expression in the arterial wall in comparison to

C57/Bl6 mice which show a minimal response (Shimizu et al. 2007). Another

reason may be the regulation of S1P receptor expression after vascular injury: in

the rat carotid injury model, there is an early induction of S1P1 and S1P3 expression

(Wamhoff et al. 2008), while no major differences have been observed in the

carotid ligation model (Grabski et al. 2009). Nevertheless, S1P is an important

player in arterial remodeling and the response to injury although the mechanisms

still need further exploration.

8 Atherosclerosis

The best evidence that S1P plays a causal role in atherosclerosis stems from

studies using FTY720 in different mouse models of atherosclerosis and S1P

receptor knockouts on an atherosclerosis-susceptible background, respectively.

Two of the three studies on FTY720 have shown it attenuate the development of

atherosclerosis in apolipoprotein E-deficient (ApoE) mice (Keul et al. 2007) and

LDL-receptor-deficient (LDL-R) mice (Nofer et al. 2007), respectively. The third

study observed no effect, but the higher FTY720 dose used there leads to a

hypercholesterolemia of unknown origin (Klingenberg et al. 2007) that may have
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antagonized any protective effects. The causal mechanism of how FTY720

attenuates atherosclerosis is unknown. Each of the many potentially

atheroprotective effects of FTY720 could serve the purpose: it stimulates NO

production (Tolle et al. 2005); inhibits the generation of reactive oxygen species;

reduces the production and release of inflammatory chemokines such as MCP-1,

TNFα, IL-6, IL-12, and IFNγ (Tolle et al. 2008; Nofer et al. 2007; Keul et al. 2007);
and is a potent immunosuppressant that biases T cell immune responses toward an

atheroprotective TH2 (Muller et al. 2005; Hansson and Libby 2006).

Several studies have looked at the role of S1P2 and S1P3 in atherosclerosis by

using their knockouts crossbred to ApoE-deficient mice (Skoura et al. 2011; Keul

et al. 2011). Deficiency for S1P2 resulted in a reduction in atherosclerosis, a reduced

macrophage, and increased VSMC content, respectively, of lesions (Skoura et al.

2011). This could be attributed to effects of S1P2 on macrophages as atherosclerosis

was attenuated to the same extent in bone marrow chimera. S1P2 on macrophages

acts as a chemorepellent receptor in vitro: S1P2-deficient mice recruit more

macrophages in a peritonitis model, and ability of S1P to inhibit macrophage

migration to C5a and CXCL12 is abrogated in vitro (Michaud et al. 2010). This

may prevent monocyte/macrophage emigration from lesions. In contrast, S1P3
promoted macrophage recruitment during peritonitis and chemotactic for S1P

(Keul et al. 2011). Although S1P3 deficiency did not affect the size of atheroscle-

rotic lesions, it greatly reduced their macrophage content, with both hematopoietic

and non-hematopoietic cells being involved (Keul et al. 2011). In contrast, S1P1
does not appear to play a role in macrophage recruitment as shown in S1P1
hematopoietic chimeras and myeloid-specific deletion of S1P1 (Michaud et al.

2010; Keul et al. 2011). Effects of S1P on macrophage polarization have been

described but remain controversial. One study showed reduced serum IL-1β and

IL-18 but unchanged TNFα in S1P2-deficient mice challenged with LPS (Skoura et

al. 2011). Another has suggested that S1P1 inhibits and S1P2 promotes, respec-

tively, LPS/IFN-γ-stimulated cytokine production (Hughes et al. 2008), but others

have not been able to confirm it (Keul et al. 2011). Possible explanations could be

the different macrophage sources as well as differences in macrophage activation

and differentiation.

The permeability of the endothelial lining for lipids, lipoproteins, and inflamma-

tory cells is a major factor in atherosclerosis. Erythrocyte-derived plasma S1P and

endothelial S1P1 are required for the maintenance of physiological endothelial

barrier. Mice that lack S1P in plasma display vascular leakage that can be alleviated

by administration of erythrocytes and S1P1 receptor agonists (Camerer et al. 2009),

while Sphk1-deficient mice exhibit a similar although less severe leakage despite

unaltered plasma S1P levels (Li et al. 2008). In contrast, S1P1 antagonists cause

vascular leakage and edema (Sanna et al. 2006; Foss et al. 2007; Rosen et al. 2008).

Endothelial cells constitutively produce and secrete S1P in response to laminar shear

stress (Venkataraman et al. 2008) and are induced to do so by LPS or PAR-1 during

inflammatory lung injury to sustain and restore, respectively, barrier function via

S1P1 (McVerry and Garcia 2005; Tauseef et al. 2008). The barrier-protective

functions of activated protein C (APC) can be partially attributed to its activation

of Sphk1 and S1P1 (Feistritzer and Riewald 2005; Finigan et al. 2005), and
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PAF-induced generalized vascular leakage and death can be ameliorated by adminis-

tration of S1P1 agonists (Camerer et al. 2009). Mechanistically, S1P promotes

adherens junction assembly (Singleton et al, 2005; Mehta et al. 2005) via S1P1
(Lee et al. 1999; Lee et al. 2006) while weakening them via S1P2, Rho-ROCK, and

PTEN (Sanchez et al. 2007).

Monocyte adhesion to activated endothelium and their differentiation into

macrophages and foam cells is the next key step in the pathogenesis of atheroscle-

rosis. The data on the effects of S1P on these processes are controversial. S1P

suppressed the inflammatory cell adherence to TNFα-activated aortic endothelium

(Bolick et al. 2005) and abrogate along with S1P1 agonists to monocytic

cell adhesion to aortic endothelium via NO-mediated suppression of NF-κB
(Whetzel et al. 2006). In contrast, exogenous S1P stimulated VCAM-1 and

E-selectin via NF-κB, and endogenous S1P generated by Sphk1 after TNFα stimu-

lation promoted the expression of adhesion molecules (Kimura et al. 2006; Rizza

et al. 1999; Xia et al. 1998; Shimamura et al. 2004). Sphk1 has been implicated in

the induction of COX-2 by TNFα and the production of the inflammatory prosta-

glandin PGE2 (Pettus et al. 2003), and its overexpression leads to higher VCAM-1

expression both under basal and TNFα-stimulated conditions (Limaye et al. 2009).

The knock down of S1P phosphatase and S1P lyase also augmented prostaglandin

production (Pettus et al. 2003). The amounts of S1P used in the different studies

may in part explain such differences as high S1P concentrations are known to

inhibit the same processes that low concentrations activate (Rivera and Chun 2008):

S1P induced VCAM-1 and E-selectin expression at 5–20 μmol/L (Rizza et al. 1999;

Xia et al. 1998) and lead to higher monocyte adhesion (Whetzel et al. 2006), but

nanomolar concentrations inhibited VCAM-1 in the same study (Whetzel et al.

2006). In addition, endogenously produced S1P may exert different effects than

exogenously applied one, and the effects individual S1P receptors have in the

process are not characterized yet.

In summary, the overall role of S1P in the pathogenesis of atherosclerosis is still

unknown as it has both atherogenic and atheroprotective effects. Studies that

modulate endogenous S1P levels in the context of atherosclerosis are still missing

but most likely to answer this question.

9 S1P in Human Cardiovascular Disease

The S1P levels in plasma are altered in patients with coronary artery disease (CAD).

There is a positive association between serum S1P and the severity of CAD as

determined by the scoring of coronary stenosis (Deutschman et al. 2003). When

comparing plasma S1P and S1P contained in HDL among healthy individuals,

patients with stable CAD, and in patients with acute myocardial infarction,

HDL-C-normalized plasma S1P was found to be higher in CAD than in controls

and even higher in AMI (Sattler et al. 2010; Yeboah et al. 2010). In the first hours

after AMI, S1P in plasma and HDL increased to levels even higher than controls. In
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contrast, S1P contained in HDL from stable CAD patients was lower than in

controls, suggesting that their HDL may have an uptake defect for S1P. The non-

HDL-bound plasma S1P pool was able to discriminate patients with MI and stable

CAD from controls (Sattler et al. 2010), fulfilling the definition of a biomarker.

In cardiovascular medicine, it is well established that several beneficial

properties of HDL are impaired in patients with CAD such as their anti-

inflammatory, anti-oxidative, and vasodilatory potential thus defining the term

“dysfunctional HDL” (Kontush and Chapman 2006). However, the molecular and

biochemical determinants of HDL dysfunctionality have remained elusive. In recent

years, the S1P content of HDL has been shown responsible for several of the

beneficial HDL functions such as nitric oxide-mediated vasodilation, anti-oxidative,

anti-apoptotic, and anti-inflammatory effects and direct cardioprotection against

reperfusion injury (Sattler and Levkau 2009). Accordingly, the lower amount of

HDL-bound S1P in CAD patients may comprise an important part of their HDL

dysfunction, a notion that expects experimental proof. If this was the case, any

intervention aimed at increasing the S1P concentration in HDL may be of clinical

benefit.

In summary, there is now ample evidence that S1P and its receptors play

important roles in cardiovascular homeostasis and disease. Experimental evidence

from in vitro and in vivo studies suggests that pharmacological interference with

S1P signaling may offer novel approaches to cardiovascular diseases. However, a

number of potentially important but incompletely understood functions of S1P in

cardiovascular diseases still remain: S1P1 gene polymorphisms have been

associated with CAD and stroke, but their functional role is unknown (Luke et al.

2009; Shiffman et al. 2008); plasma S1P and HDL-S1P are altered in CAD

and myocardial infarction, but their biological consequences remain unclear

(Sattler et al. 2010); S1P effects on cardiac function, arrhythmogenesis, and heart

failure are only beginning to be understood (Mann 2012), and the role of S1P in

atherosclerosis remains still enigmatic. Nevertheless, the potential attractiveness of

S1P-based drugs for cardiovascular applications remains high especially as

FTY720 has been approved by the FDA and the EMEA for the treatment of

relapsing multiple sclerosis. Thus if such drugs were to prove effective in the

treatment of any cardiovascular diseases or provide additional benefit to established

therapies, their implementation would be greatly expedited.
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Abstract Recent studies have demonstrated that cross talk between ceramide and

redox signaling modulates various cell activities and functions and contributes to

the development of cardiovascular diseases and renal dysfunctions. Ceramide

triggers the generation of reactive oxygen species (ROS) and increases oxidative

stress in many mammalian cells and animal models. On the other hand, inhibition of

ROS-generating enzymes or treatment of antioxidants impairs sphingomyelinase

activation and ceramide production. As a mechanism, ceramide-enriched signaling

platforms, special cell membrane rafts (MR) (formerly lipid rafts), provide an
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important microenvironment to mediate the cross talk of ceramide and redox

signaling to exert a corresponding regulatory role on cell and organ functions.

In this regard, activation of acid sphingomyelinase and generation of ceramide

mediate the formation of ceramide-enriched membrane platforms, where trans-

membrane signals are transmitted or amplified through recruitment, clustering,

assembling, or integration of various signaling molecules. A typical such signaling

platform is MR redox signaling platform that is centered on ceramide production

and aggregation leading to recruitment and assembling of NADPH oxidase to form

an active complex in the cell plasma membrane. This redox signaling platform not

only conducts redox signaling or regulation but also facilitates a feedforward

amplification of both ceramide and redox signaling. In addition to this membrane

MR redox signaling platform, the cross talk between ceramide and redox signaling

may occur in other cell compartments. This book chapter focuses on the molecular

mechanisms, spatial–temporal regulations, and implications of this cross talk

between ceramide and redox signaling, which may provide novel insights into the

understanding of both ceramide and redox signaling pathways.

Keywords Sphingolipid • Membrane rafts • Free radicals • Signalosomes •

Redoxosome • Caveolae • Acid sphingomyelinase • Lysosome •

Methyl-β-cyclodextrin

1 Introduction

Redox signaling is a fundamental signaling mechanism in cell biology which

importantly participates in a variety of cellular activities including cell proliferation

(Burdon 1996; Cai 2006; Nicco et al. 2005), differentiation (Del Prete et al. 2008;

Hansberg et al. 1993; Kusmartsev and Gabrilovich 2003; Sasaki et al. 2009; Sauer

et al. 2001), and apoptosis (Hildeman 2004; Liu et al. 2009; Mates and Sanchez-

Jimenez 2000; Perrone et al. 2008; Wolf 2005). Abnormal redox signaling is

frequently involved in various pathophysiological processes such as senescence

(Colavitti and Finkel 2005), inflammation (Azad et al. 2008; Muller-Peddinghaus

1989; Yamamoto et al. 2009), hypoxia (Bell and Chandel 2007; Guzy and

Schumacker 2006; Kietzmann and Gorlach 2005; MacFarlane et al. 2008), and

ischemia/reperfusion (Goswami et al. 2007; Szocs 2004; Toledo-Pereyra et al.

2004), which contribute to the progression of almost all diseases, from cardiovas-

cular ones such as shock (Flowers and Zimmerman 1998; Gendzwill 2007a, b),

hypertension (Delles et al. 2008; Hirooka 2008; Ong et al. 2008; Paravicini and

Touyz 2008; Puddu et al. 2008; Zeng et al. 2009), and atherosclerosis (Kojda and

Harrison 1999; Patel et al. 2000), to metabolic ones such as diabetes mellitus (Bagi

et al. 2009; Ksiazek and Wisniewska 2001), to neurodegenerative ones such as

Alzheimer’s disease (Casadesus et al. 2004; Perry et al. 1998), infectious diseases

(Jamaluddin et al. 2009; Mashimo et al. 2006; Ochsendorf 1998; Sun et al. 2008),

and cancer (Azad et al. 2009; Oyagbemi et al. 2009; Weinberg and Chandel 2009).

172 P.-L. Li and Y. Zhang



Currently, it is of high interest to explore how redox signaling is regulated under

both physiological and pathological conditions.

Despite extensive studies, the precise mechanisms for rapid activation of redox

enzymes by different stimuli are still poorly understood. Redox enzymes such as

nicotinamide adenine dinucleotide phosphate (NADPH) oxidase, unlike G-protein-

coupled enzymes, are not coupled with any specific receptors. Therefore, a previous

undefined mechanism must exist to bridge receptor activation and redox signaling.

Recent studies in non-phagocytes revealed that membrane raft (MR, formerly lipid

raft) signaling platforms might be responsible for activation of death receptors, in

particular CD95 and tumor necrosis factor receptor 1 (TNFR1). These death

receptors were found to be localized inMRs, and these receptors inMRs can interact

to stabilize the MRs and allow raft aggregation (i.e., MRs clustering), by which

many raftophilic molecules are invariably recruited into the complex with the MRs,

producing massive signaling and effector responses. Furthermore, it has been well

documented that ROS or oxidative stress is a downstream mechanism of receptor

clustering in MR platforms. This MR-associated ROS generation, downstream of

CD95 and TNFR1, may be of high importance in the early alterations of cell

functions during activation of death receptors and in induction of apoptosis

(Dumitru et al. 2007; Morgan et al. 2007). Indeed, recently collected evidence

support the view that MR signaling platforms are an important mechanism for

initiating and transmitting redox signaling in mammalian cells (Li and Gulbins

2007; Oakley et al. 2009; Yang and Rizzo 2007; Zhang and Li 2010). Given the

central role of ceramide and related signaling in the formation or regulation of MR

redox platforms through clustering of ceramide-enriched microdomains, the cross

talk between ceramide and redox signaling is emerging as an important cellular

signaling mechanism that mediates the regulation of cellular activities.

Ceramide is generated by several enzymatic pathways in mammalian cells. Two

major pathways are the sphingomyelinase (SMase) pathway that generates ceramide

from sphingomyelin (SM) by the activities of SMase and the de novo synthesis

pathway that synthesizes ceramide from serine and palmitoyl-CoA by the activity of

ceramide synthase. The biophysical properties of ceramide molecules predict a tight

interaction of ceramide molecules with each other, resulting in the formation

of stable and tightly packed ceramide-enriched membrane microdomains that

spontaneously fuse to form large ceramide-enriched membrane macrodomains or

platforms. Among SMases, acid SMase (ASMase) has been considered as the major

enzyme responsible for the formation of ceramide-enriched membrane platforms.

Recently, we and others have reported that various death factors bind to their

receptors in or around individual MRs and stimulate ASMase to produce ceramide

from SM, leading to the formation of ceramide-enriched membrane platforms.

In such platforms, NADPH oxidase subunits such as gp91phox and p47phox and

other redox molecules are aggregated, clustered, and/or recruited, leading to signal

transduction by increase or scavenging of O2
•� or ROS. Such redox signaling

associated with ceramide-enriched membrane platforms has been found to

contribute to the regulation of a variety of cellular activities and organ functions

and lead to pathological changes such as endothelial dysfunction, cell apoptosis, and

phagosomal action in neutrophils or macrophages (Jin et al. 2008b; Li et al. 2007;
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Zhang et al. 2006). Given the focus of this chapter on the cross talk between

ceramide and redox signaling, we will discuss the role of ceramide in the regulation

of MR or nonraft redox signaling and vice versa as well as summarize some

evidence related to physiological and pathological relevances of this cross talk.

Given that there are a lot of discussions about the basic knowledge of ceramide

signaling in other chapters, here, we first provide some background information

regarding current knowledge of redox signaling and regulation.

2 Redox Signaling and Oxidative Stress

2.1 Reactive Oxygen Species

Reactive oxygen species (ROS) is a collective term that often includes not only the

oxygen radicals such as superoxide (O2
•�), hydroxyl (OH�), peroxyl (RO2),

alkoxyl (RO•), and hydroperoxyl (HO2
•) but also non-radicals such as hydrogen

peroxide (H2O2), hypochlorous acid (HOCl), ozone (O3), singlet oxygen (ΔgO2),

and peroxynitrite (ONOO�). Since these oxygen derivatives, whether they are

radicals or non-radicals, are very reactive, they can oxidize or reduce other

molecules in living cells or tissues. Therefore, in general, redox signaling is often

referred to as the signaling induced by ROS (Halliwell and Cross 1994; Stadtman

2004; Tang et al. 2002). The most important ROS is O2
•�, which is unstable and

short-lived because it has an unpaired electron, and it is highly reactive with a

variety of cellular molecules, including proteins and DNA. O2
•� is reduced to H2O2

by superoxide dismutase (SOD), and both O2
•� and H2O2 can diffuse from their

sites of generation to other cellular locations. H2O2 is further reduced to generate

the highly reactive •OH through the Haber–Weiss or Fenton reaction under patho-

logical conditions. In contrast to O2
•� and H2O2,

•OH is highly reactive and,

therefore, causes primarily local damage. In addition, O2
•� can also interact with

NO to form another reactive oxygen free radical, ONOO•�. Under physiological
conditions, O2

� preferably produces H2O2 via the dismutation reaction. However,

when excess O2
•� is produced, a substantial amount of O2

•� reacts with NO to

produce ONOO•�. Taken together, these ROS constitute a redox regulatory

network that controls cellular activity and function.

2.2 Redox Signaling and Injury

It has been reported that ROS can be produced as a basic signaling messenger to

maintain cell or organ functions or increasingly generated or released in response to

various stimuli. Meanwhile, these active molecules are constantly scavenged by the

endogenous antioxidant systems, mainly composed of the enzyme-mediated

pathways as SOD, catalase, glutathione peroxidase, glutathione-S-transferase,
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thioredoxin/thioredoxin reductase, and other peroxidases. In addition, direct

reactions between ROS and different molecules may also result in antioxidant

actions such as the interactions between ROS and NO, –SH, vitamin E, β-carotene,
ceruloplasmin, ferritin, transferrin, hemoglobin, and ascorbates. Being tightly

regulated under normal conditions, intracellular and extracellular ROS are

maintained at very low levels (less than 1 % of produced ROS). If the generation

of ROS exceeds its removal by scavengers, the intracellular and extracellular levels

of ROS will increase, leading to oxidative stress and a progression of various

pathophysiological processes and respective diseases. If the level of ROS increases

to even higher levels, its damaging effects, to DNAs, proteins, lipids, and glycols,

become inevitable. These damaging effects of ROS are often tightly correlated

together and share a common redox system responsible for the generation and

scavenging of ROS molecules.

2.3 ROS-Generating Systems

Among four common ROS including O2
•�, H2O2, HO

�, and ONOO�, O2
•� has

been considered as the progenitor of other common ROS. The production of O2
•�

and related regulation in biological systems have been intensively studied. In

mammalian cells, many pathways are involved in the production of O2
•�, including

NADPH oxidase, xanthine oxidase, mitochondrial respiration chain, cytochrome

P450, lipoxygenase, cyclooxygenase, peroxisomes, and NO synthase uncoupling.

Some nonenzymatic derivatives of O2
•� may be formed via photolysis, heme

protein + Fe, and auto-oxidation reactions. Among these pathways, NADPH

oxidase has been reported to be a major source of O2
•� for the redox regulation

in some cells such as vascular endothelial and smooth muscle cells (Griendling

et al. 2000). It is estimated that this nonmitochondrial NADPH oxidase-derived

O2
•� constitutes more than 95 % of the production of O2

•� in these cells, especially

when they are stimulated (Mohazzab et al. 1994; Rajagopalan et al. 1996).

3 Interactions of Ceramide and Redox Signaling Pathways

There is accumulating evidence that ceramide induces the activation of ROS-

generating enzymes, including NADPH oxidase, xanthine oxidase, NO synthase,

and the mitochondrial respiratory chain (Corda et al. 2001; Lecour et al. 2006). In

particular, ceramide has been shown to activate NADPH oxidase and to increase the

production of O2
•� in a variety of mammalian cells, including human aortic smooth

muscle cells, endothelial cells (ECs), and macrophages (Bhunia et al. 1997; Zhang

et al. 2007, 2008). Because many stimuli activate NADPH oxidase by translocation

and aggregation of its subunits, it has been proposed that ceramide may mediate the

fusion of small raft domains to ceramide-enriched membrane platforms, thereby

clustering subunits of NADPH oxidase, assembling them into an active enzyme
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complex and producing of O2
•�. In addition, ceramide has also been shown to

interact with the mitochondrial electron transport chain leading to the generation of

ROS (Corda et al. 2001). Given the crucial role of NADPH oxidase in the normal

regulation of cell functions and as one of the most important redox signaling

pathways (Dworakowski et al. 2006; Finkel and Holbrook 2000), we will focus

on the cross talk between ceramide signaling pathway and NADPH oxidase-derived

redox regulation.

3.1 Ceramide-Enriched Microdomains in MR Redox Signaling

Ceramide belongs to a highly hydrophobic lipid family, which consists of fatty acids

with carbon chains in variable lengths (2–28 carbons) and sphingosine (Mathias and

Kolesnick 1993). SMase is released to the cell surface or extracellular space in an

autocrine or paracrine manner that hydrolyzes cell-surface SM, inducing cell–cell

communications and exerting remote action through blood circulation. More

importantly, SMase may act on SM incorporated in the MR area of cell membranes

and thereby produce ceramide locally (Cremesti et al. 2002). Ceramide molecules

spontaneously bind to each other to form microdomains that fuse to large ceramide-

enriched membrane platforms (Brown and London 1998; Grassme et al. 2001).

In such ceramide-enriched platforms, redox molecules such as NADPH oxidase

subunits or cofactors can be aggregated to assemble into active NADPH oxidase

complex, producing O2
•� to conduct signaling (Jin et al. 2008b; Zhang et al. 2006).

This ceramide-enriched redox signaling platform has been found to be formed in

response to different death receptor ligands such as CD95 ligand, TNF-α, or
endostatin (Jin et al. 2008a, b; Zhang et al. 2006). Furthermore, ultraviolet irradia-

tion also induces the formation of ceramide-enriched platforms that mediate ROS

production (Chatterjee and Wu 2001). We recently demonstrated that a rapid

movement and consequent fusion of lysosomes to supply ASMase into the MR

area of cell membranes occur in response to various stimuli (Jin et al. 2007, 2008a).

This lysosome fusion is critical for the formation of ceramide-enriched platforms

and therefore determines MR redox signaling in different cells, in particular in ECs

(Jin et al. 2008a, b).

Further studies have revealed that sortilin, a glycoprotein responsible for trans-

ferring ASMase from the Golgi apparatus to lysosomes, is also important in

initiating the movement of lysosomes and promoting their fusion to the cell

membrane in ECs (Bao et al. 2010a, b). Sortilin is a 95-kDa glycoprotein, which

has been reported to play an important role in targeting or transferring proteins to

lysosomes (Ni and Morales 2006). Its Vps10p domain in the luminal region may be

the binding site for the saposin-like motif of ASMase, while its cytoplasmic tail

containing an acidic cluster-dileucine motif binds the monomeric adaptor protein

GGA and is structurally similar to the cytoplasmic domain of M6P. The coupled

sortilin-1 and ASMase work together to promote the movement of lysosomes

toward the cell membrane, which, in turn, leads to MRs clustering and NADPH

oxidase activation in ECs. This ASMase-dependent clustering of receptors was also
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observed for other receptors such as CD20, CD40, TNFR, and epidermal growth

factor receptors (EGFR) (Rodighiero et al. 2004). In addition, the SNARE (soluble

N-ethylmaleimide-sensitive factor attachment protein receptor)-centered exocytic

machinery was found to be involved in MR clustering to form redox signaling

platforms. SNAREs comprise a superfamily of small, mostly membrane-anchored

proteins, which mediate membrane fusion between organelles or from organelles to

cell plasma membranes (Gerst 1999). In particular, SNARE-mediated membrane

fusion plays an essential role in the secretory pathway of various eukaryotic cells,

which is named as the SNARE or SNARE-centered exocytic machinery (Blank

et al. 2002). It seems that SNARE as a membrane fusion facilitator is also present in

MR redox signaling platforms although its major function is to help lysosome

fusion (Zhang and Li 2010).

A comprehensive working model for the mediation of MR clustering and the

formation of MR signaling platforms in arterial ECs is presented in Fig. 1; this

model emphasizes the derivation of membrane ASMase as being from lysosomes,

which target ASMase when it is synthesized from ER and transported through

Golgi apparatus. Many mature lysosomes with ASMase are proximal to the cell

membrane. When a receptor such as death receptor is activated by a ligand binding

O2
.- ↑↑

Endothelial Dysfunction

extracellular

MR Clustering
Ligand Binding

Lysosome Fusion

Lyso

LysosomeReceptor Ligands

Phospholipid

ASMase

Phospholipids 
with saturated Tail 

Sphingolipids

gp91phox p22phox p47phox p40phox p67phox Rac

Cholesterol

Fig. 1 Lysosome biogenesis and fusion to cell membrane to form ceramide-enriched redox

signaling platforms. ASMase is synthesized from the ER and transported through Golgi apparatus

to lysosomes. These lysosomes can be mobilized to traffic and fuse into cell membrane, where

ASMase is activated and ceramide produced, resulting inMRs clustering and formation of ceramide-

enriched platforms (adapted from Xia M, et al. Cardiovasc Res (2011) 89 (2): 401–409)
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to it or by other stimulations, these lysosomes proximal to the cell membrane

become mobilized to move and fuse with the cell membrane, activating ASMase

and synthesizing ceramide, thereby resulting in MRs clustering and the formation

of ceramide-enriched platforms. These MR platforms, in turn, recruit, translocate,

and aggregate NOX and its subunits or cofactors and assemble them into an active

enzyme complex, which produces O2
•�, promoting transmembrane signaling.

3.2 Redox Signaling Molecules Associated with
Ceramide-Enriched Membrane Platforms

3.2.1 The NADPH Oxidase Family

NADPH oxidase, identified and characterized first in neutrophils, catalyzes the

1-electron reduction of oxygen producing O2
•� using NADPH as the electron donor.

This neutrophil oxidase consists of at least five subunits: two membrane-bound

subunits gp91phox (also known as NOX2) and p22phox and three cytosolic subunits

p47phox, p40phox, and p67phox. NOX2 and p22phox form an integral membrane complex

termed cytochrome b558, and the other four subunits, p47
phox, p67phox, p40phox, and the

small GTPase Rac, localize in the cytosol in resting cells (Babior et al. 2002). In the

classic model of phagocytic-type NADPH oxidase, activation involves translocation

of the four cytosolic proteins to the cellmembrane and interactionswith themembrane

spanning subunits p22phox and NOX2, resulting in the transfer of the NADPH electron

to oxygenmolecules and the generation of O2
•� (Babior et al. 2002; Dang et al. 2002).

NOX protein family consists of six other homologues of NOX2 (gp91phox)

catalytic subunits, namely, NOX1, NOX3, NOX4, NOX5, DUOX1 (dual

oxidases1), and DUOX2, which determine ROS production in non-phagocytes

(Cheng et al. 2001). NOX2 is also expressed in non-phagocytes, including neurons,

cardiac cells, skeletal muscle cells, liver cells, ECs, B lymphocytes, epithelial cells,

and hematopoietic cells (Piccoli et al. 2005). The structure and function of non-

phagocytic NOX are very similar to NOX2. They can also catalyze a single-electron

reduction of molecular oxygen, generating O2
•� and other ROS. It is interesting to

note that almost all NOXs were demonstrated to have some structural or functional

link to or relationship with MRs (Ushio-Fukai et al. 2001; Zhang et al. 2006; Zuo

et al. 2004, 2005). Given that NOX activation requires many cofactors to work

together,MRs provide a wonderful platform for NOX and the other NADPH oxidase

subunits and cofactors to assemble and then work as an active enzymatic complex.

However, the driving force or actual physical platform for NADPH oxidase assem-

bly as an active enzyme complex is still unknown. As noted above, the ceramide-

enriched membrane macrodomains or platforms may represent an important

mechanism mediating this assembly or activation process of NADPH oxidase.
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3.2.2 Superoxide Dismutase

Recently, proteomic analysis demonstrated that membrane SOD (SOD1) is present

in MR fractions (Zhai et al. 2009), a fact consistent with previous reports that SOD1

is detectable in MRs (Siafakas et al. 2006). Reported SOD1 levels, for example, in

MR fractions were much higher than that in other areas of the plasma membrane.

These results support the view that aggregation of MRs may play an important role

for SOD1 actions. It is assumed that localization and subsequent aggregation of

SOD1 in MRs could affect cellular functions as well as the interplay between

different cell types, as MRs are rich in receptors and the signaling molecules

necessary for cell–cell communications (Zhai et al. 2009). Indeed, a more recent

study has reported that H2O2, generated extracellularly by extracellular SOD,

anchored to ECs surface via the heparin-binding domain (HBD), enhances

VEGF-induced VEGF receptor 2 (VEGFR2) autophosphorylation in caveolin-

enriched MRs, but not in non-caveolar MRs. The HBD of endothelial SOD is

required for its localization in plasma membrane MRs, suggesting that localization

of endothelial SOD in caveolae/MRs via HBD can serve as an important mecha-

nism by which SOD-derived extracellular H2O2 efficiently promotes VEGFR2

signaling in ECs and postnatal angiogenesis (Oshikawa et al. 2010).

3.2.3 Catalase

In neutrophils, recent proteomic analysis (Feuk-Lagerstedt et al. 2007) has also

found catalase in MR fractions that play critical roles in redox signaling by cleavage

of H2O2. Although some studies have demonstrated that MR-associated catalase

may be related to peroxisome biogenesis, the function of this catalase association

with MRs remains still largely unknown. It is possible that MRs in hepatic

peroxisomal membrane cells are able to help catalase sorting and distribution to

different compartments of these cells, assigning them an important role in hepato-

cyte proliferation and lipid metabolism. Given that hepatic caveolin-1 plays an

important role in liver regeneration and lipid metabolism, caveolae with catalase

may be critically involved in this liver regeneration and lipid metabolism. However,

recent studies found that the absence of caveolin-1 did not affect the peroxisomal

location of catalase in mouse liver. It seems caveolin-1 is not required for

peroxisome biogenesis, whereas other types of peroxisomal MRs are required

(Woudenberg et al. 2010). Obviously, more research and thinking need to be

invested into the formation and function of MR-associated catalase complexes.

3.2.4 Thioredoxin

Although it is not yet extensively studied, thioredoxin (TRX) has also been reported

as a MR-associated protein. In some reports, MRs have been shown to mediate the

effects of TRX. There is convincing evidence that MRs may mediate the actions of
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TRX on leukocyte–EC interaction related to redox regulation during inflammation.

TRX is a ubiquitous protein with a redox-active disulfide that functions in concert

with NADPH and TRX reductase to control the redox state of cysteine residues of

different oxidant-targeted proteins. Given the antioxidant role of TRX, the

MR-mediated role of TRX in the interaction between leukocytes and ECs may

importantly regulate inflammatory responses through counteracting oxidative stress

and ROS. In addition, TRX can be internalized into the cells through MR-mediated

endocytosis. In particular, a TRX mutant, TRX-C35S (with replacement of cysteine

35 by serine), was found to bind rapidly to the cell surface and be internalized into

the cells through MRs in the plasma membrane. This indicates that the cysteine at

the active site of TRX is important for the internalization and signal transduction of

extracellular TRX through MRs (Hara et al. 2007; Kondo et al. 2007).

3.2.5 Transient Receptor Protein C3 and C4 (TRPC3 and TRPC4)-Redox

Sensors

MRs have also been reported to promote molecules aggregation, gating, or activation

producing their downstream impact on redox sensing or enhancement of effector

responses to redox signaling. Among these molecules, a currently identified

redox-sensitive protein-transient receptor protein (TRP) is particularly noteworthy.

TRPs are a family of voltage-independent nonspecific cation-permeable channels.

Evidence exists that TRPC3 and TRPC4 localize or relocalize in MRs and can form a

TRPC3–TRPC4 complex with different properties from their respective homomeric

channels, which are redox sensitive (Poteser et al. 2006). Perhaps these TRP channels

are directly gated or influenced by the formation ofMR platforms, and therefore, their

redox-sensing function is altered. Indeed, the TRPC3 channel activity is increased by

cholesterol loading of the cell membrane when TRPC3 is overexpressed. This

increased channel activity may lead to enhanced redox sensitivity of the channels,

exerting an important redox regulation or resulting in pathologic consequences in

different cells (Poteser et al. 2006).

3.3 Redox Regulation of Ceramide-Enriched Membrane
Platform Formation

There is increasing evidence that the formation of MR-derived signaling platforms

can also be regulated by redox molecules. For example, the formation of ceramide-

enriched membrane platforms in the membrane of coronary arterial ECs can be

reduced by SOD but increased by O2
•� donor or generating systems (Zhang et al.

2007). H2O2 was also found to activate pro-survival signaling pathways, including

activation of PI3 kinase/Akt and extracellular signal-regulated kinases (ERK)1/2 by

changes in MRs behaviors (Yang et al. 2006a). Exogenous administration of
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xanthine/xanthine oxidase, a O2
•� generating system, has demonstrated a dramatic

increase in MRs clustering and ceramide-enriched membrane platform formation in

the membrane of ECs (Qiu et al. 2003; Zhang et al. 2007). Furthermore, ROS in T

lymphocytes were also shown to enhance MR signaling, and blockade of ROS

production by the SOD-mimic MnTBAP reduced the localization of several signal-

ing molecules such as LAT, phospho-LAT, and PLC-gamma in MRs fractions.

Treatment of T cells with the ROS synthesizer, tert-butyl hydrogen peroxide

(TBHP), greatly enhanced MR formation and the distribution of phospho-LAT

into MRs. Moreover, lipid peroxides were found to promote the formation of larger

rafts or platforms on the membrane, and photooxidation, at the lipid double bonds,

caused raft enlargement (Ayuyan and Cohen 2006). These observations corroborate

and reinforce the conclusion that ROS are able to enhance MR clustering or

formation of macrodomains and must contribute to the formation of MR platforms

(Lu et al. 2007). In addition to the direct regulation of SMase/ceramide pathway,

various ROS were found to influence MR signaling or function through their

actions on many other MR constituents such as caveolin-1, cholesterol, and related

raft proteins (Dumitru et al. 2007; Morgan et al. 2007).

3.3.1 ROS Interact with Caveolin-1

Biochemical and morphological experiments have shown that at least two subtypes

of lipid microdomains are present in mammalian cells: caveolar and noncaveolar

MRs. The size of noncaveolar MRs is 50–100 nm or even smaller, and each of them

contains 10–30 protein molecules. Caveolae, cave-like plasma membrane

subdomains, are considered as another subtype of lipid domains. Caveolin-1 is

the major protein component of caveolae, and its polymerization forms a rigid

scaffold that maintains the characteristic cave-like morphology. In addition to its

structural function, caveolin-1 has several important regulatory activities through

direct interaction with other functional proteins and signaling molecules. Caveolin-1

is subject to two types of posttranslational modification that might be critical for

regulating its intracellular activity and localization, namely, phosphorylation and

palmitoylation. Recent studies have indicated that both phosphorylation and

palmitoylation of caveolin-1 can be regulated by ROS and ultimately affect

caveolar functions. In vascular ECs, H2O2 causes increased tyrosine phosphoryla-

tion of caveolins (Brown and London 1998). In addition, Parat and colleagues

showed that exogenous H2O2 did not alter the intracellular localization of

caveolin-1 in ECs, but it inhibited the trafficking of newly synthesized caveolin-1

to MRs (Brown et al. 1998). They further demonstrated that H2O2 did not alter

the rate of caveolin-1 depalmitoylation but rather decreased the “on-rate” of

palmitoylation (Brown et al. 1998). Functional studies substantiated that

caveolin-1 is a sensitive target of oxidative stress and that the oxidation of caveolar

membrane cholesterol causes the translocation of caveolin-1 from the plasma

membrane to the Golgi apparatus (Grassme et al. 2001). In a separate study,

treatment of ECs with ROS caused a release of caveolin-1 from membranes and
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also a decrease in the number of caveolae detected by electron microscopy (van den

Elzen et al. 2005). In summary, these results suggest that oxidative stress modulates

caveolin-1 function and cellular levels, which may ultimately affect caveolar

function and plasma membrane composition, namely, alteration in the ratio of

caveolar vs. noncaveolar MRs or membrane signaling platforms.

3.3.2 ROS Interact with Cholesterol

It has been known that the formation of MRs is driven by tight packing between

cholesterol and sphingomyelin and other sphingolipids. Oxysterols are derivatives

of cholesterol that contain a second oxygen atom as a carbonyl, hydroxyl, or

epoxide group (Morita et al. 2004). Cytotoxic oxysterols formed by nonspecific

oxidative mechanisms can affect many cellular processes that contribute to the

pathogenesis of disease. According to their biophysical properties, which can be

distinct from those of cholesterol, oxysterols can promote or inhibit the formation

of membrane microdomains or MRs (Byfield et al. 2006; Scheel-Toellner et al.

2004). For instance, the activities of receptor tyrosine kinases such as the epidermal

growth factor (EGF) receptor and insulin receptors, which are found in

MR/caveolae, can be modulated by changes in cellular cholesterol content. EGF

stimulation-induced phosphatidylinositol 4,5-bisphosphate turnover is inhibited

by depletion of cholesterol, but the effects of repletion with different oxysterols

varied according to their structure. Turnover was not restored by

25-hydroxycholesterol, while 7-ketocholesterol and 5α, 6α-epoxycholesterol
restored turnover (Morita et al. 2004). Likewise, desmosterol, another oxysterol,

impaired raft-dependent signaling via the insulin receptor, while nonraft-dependent

protein secretion was not affected (Morita et al. 2004). Therefore, these studies

suggest that ROS may oxidize cholesterol to various oxysterols, which affect the

stability of MRs and formation of MR-derived signaling platforms.

3.4 Redox Regulation of SMase Activity

The role of SMase in the formation of ceramide-enriched membrane platforms has

been extensively studied. Recently, several studies have indicated that the genera-

tion of ROS may be involved in the activation of the enzyme in response to various

stimuli (Charruyer et al. 2005; Dumitru and Gulbins 2006; Malaplate-Armand et al.

2006; Scheel-Toellner et al. 2004). Scheel-Toellner and colleagues demonstrated

that ASMase activation, ceramide generation, and CD95 clustering play a crucial

role in the spontaneous apoptosis of neutrophils; apoptosis was substantially

delayed in Asm-deficient mice (Scheel-Toellner et al. 2004). Based on the

observations that the intracellular redox balance changes in aging neutrophils, the

authors investigated the possibility that ROS may be involved in ASMase activa-

tion. They demonstrated that pretreating neutrophils with the antioxidants
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N-acetylcysteine (NAC) and desferrioxamine substantially inhibited the events

downstream of ASMase, such as ceramide generation and CD95 clustering,

indicating that ROS release is required for ASM activation (Scheel-Toellner et al.

2004). Similarly, pretreatment with the antioxidant, pyrrolidine dithiocarbamate

(PDTC), abolished ASMase activation by ultraviolet (UV)-C light in U937 cells

(Charruyer et al. 2005).

In other studies, neuronal stimulation with soluble oligomers of amyloid-beta

peptide was found to result in the release of ROS and the subsequent activation of

SMases (Malaplate-Armand et al. 2006). Treatment of these neurons with antioxi-

dant molecules and a cPLA2-specific inhibitor or antisense oligonucleotide led to

inhibition of SMase activation and subsequent apoptosis, suggesting that amyloid-

beta oligomers induce neuronal death by activating both NSMase and ASMase via a

redox-sensitive cPLA2-arachidonic acid pathway (Malaplate-Armand et al. 2006).

In addition, Dumitru and colleagues have also demonstrated the involvement of

ROS in TRAIL-induced activation of ASMase and apoptosis (Dumitru and Gulbins

2006). Stimulation with TRAIL/DR5 led to the activation of ASMase and the

subsequent formation of ceramide-enriched membrane platforms, DR5 clustering,

and consequent apoptosis. Pretreatment with antioxidants NAC and Tiron substan-

tially inhibited TRAIL-induced ASMase activation, ceramide/DR5 clustering, and

apoptosis, demonstrating that ROS play a crucial role in TRAIL-associated signal-

ing pathway (Dumitru and Gulbins 2006). Finally, studies investigating the cellular

effects of Cu2+ showed that Cu2+ also promotes the ROS-dependent activation of

ASMase and leads to the death of hepatocytes (Dumitru and Gulbins 2006). It was

shown that the accumulation of Cu2+, as occurred in Wilson disease, activates

ASMase in hepatocytes and triggers the release of ceramide in these cells. This

process results in Cu2+-induced hepatocyte death, which can be prevented by

a deficiency in ASMase (Lang et al. 2007).

One of the mechanisms by which ASMase activity is regulated by ROS has been

described by Qiu and coworkers (Qiu et al. 2003). It has been proposed that

C-terminal cysteine (Cys629) plays a crucial role in the enzymatic activity of

recombinant human ASMase (rhASM). The loss of the free sulfhydryl group on

this amino acid results in activation of the enzyme, and this loss of free sulfhydryl

group may be due to copper-promoted dimerization of rhASM by C-terminal

cysteine, thiol-specific chemical modification of this cysteine to form a mixed

disulfide bond or a sulfur-carbon linkage, deletion of this cysteine by carboxypep-

tidase or recombinant DNA technology, and site-specific mutation to change the

cysteine to a serine residue. Because zinc is required for ASMase activity, the effect

of C-terminal cysteine modification on the activation of ASMase may be associated

with zinc coordination. It is known that zinc coordinates with a water molecule

to produce an optimal structure for catalysis of ASMase. This zinc coordination

model is essentially identical to the “cysteine switch” activation mechanism

described previously for the matrix metalloproteinase family (Van Wart and

Birkedal-Hansen 1990).

Another redox regulatory mechanism of various SMases has been described in a

number of studies (Bezombes et al. 2002; Hernandez et al. 2000; Mansat-de Mas
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et al. 1999), which is related to the effect of glutathione (GSH) (Liu and Hannun

1997; Martin et al. 2007). It has been demonstrated that the GSH/GSSG ratio is

critical to such redox regulation of SMase activity. In this regard, the influence of

glutathione, its analogs, and individual fragments on the activity of various SMase

isoforms have been studied (Liu and Hannun 1997; Liu et al. 1998). In particular,

the inhibitory effect of GSH on the neutral Mg2+-dependent SMase was shown to be

associated with the g-glutamyl-group of GSH. Since the effect of GSH is

accompanied by decrease in diene conjugate and diene ketone levels, the ability

of GSH to inhibit oxidative processes in the cell due to its antioxidative properties

may be mainly responsible for its effect to inhibit SMase activity. In other words,

ROS-mediated oxidation of NSMase or AMSase may enhance their activity

(Tsyupko et al. 2001). In addition, the intracellular GSH concentration is thought

to be involved in the regulation of SMase activity by increase in its expression

(Yoshimura et al. 1999).

3.5 Feedforward Amplifying Mechanism

MRs signaling platforms usually contain different proteins including different

signaling molecules and cross-linkers or enzymes (Simons and Ikonen 1997;

Simons and Toomre 2000). The formation of MR platforms activates, facilitates,

and/or amplifies signal transductions. As mentioned above, if MR clustering forms

a ceramide-enriched membrane platform, the ceramide production or enrichment is

mainly from SMase-catalyzed cleavage of SM cholines in individual MRs (Gulbins

and Kolesnick 2003; Hoekstra et al. 2003). Redox regulation of SMase, MRs

clustering, and ceramide-enriched platform formation suggest that MRs and ROS

may constitute an amplification system of redox signals and ceramide signaling cell

membranes, which insures the efficiency of signal transduction. The formation of

such feedforward amplifying loop for MR redox and ceramide signaling may also

be responsible for the tempospatial regulation of a complex signalosome that

precisely and efficiently control cell function. If the activity of this regulatory

loop is excessively enhanced, excessive production of both ROS and ceramide

may result in the progress and development of different diseases or pathological

processes.

It should be noted that ceramide-enriched membrane platforms might also be

formed without the presence of classically defined MRs simply through a fusion of

several ceramide molecules. These ceramide molecules can come from MRs or

other membrane fractions. The clustering of receptor molecules within ceramide-

enriched membrane platforms might well have several important functions such as

the aggregation in close proximity of many receptor molecules (Gulbins and

Grassme 2002), the facilitation of the transactivation of signaling molecules

associating or interacting with a receptor, and the amplification of the specific

signals generated by activated receptors. However, in some studies the formation

of ceramide or ceramide platforms may not play roles in signaling, but contribute to
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the scrambling of the cell membrane as shown at the erythrocyte surface. It is

shown that the eryptosis may be linked to apoptotic pathways via ceramide, which

may be causally cross talked to local oxidative stress. This may represent another

type of MR redox signaling in erythrocytes (Lang et al. 2006, 2010).

4 Functional Relevance of the Cross Talk

It has been known that the biological responses to cellular or tissue ROS levels are

very different and vary from physiological to pathological reactions. Therefore, the

cross talk between ceramide and redox signaling may be implicated in various cell

and organ functions, depending upon the amount of ROS and ceramide. With

respect to ROS, when small amounts of ROS are produced, they may mediate

physiological redox signaling, but when large amounts of ROS are produced, which

refer to increased oxidative stress, cell/tissue damage may occur, resulting in

cellular apoptosis and necrosis and ultimately causing various systemic or organ-

based diseases. In regard to ceramide, largely increased ceramide production

through such feedwarding mechanism may also contribute to the development

of different diseases. This section will focus on the functional relevance of

ceramide–redox signaling to the regulation of endothelial function and renal

glomerular and tubular functions.

4.1 Regulation of Endothelial Function

Ceramide was demonstrated to increase endothelial O2
•� in the endothelium of

isolated small coronary arteries, which was blocked by different NADPH oxidase

inhibitors such as N-vanillylnonanamide, apocynin, and diphenyleneiodonium. By

analysis of the enzyme activity, ceramide was found to significantly stimulate the

activity of NADPH oxidase in ECs, which was prevented by NADPH oxidase

inhibitors, but not by inhibitors of NOS, xanthine oxidase, and mitochondrial

electron transport chain enzymes. In addition, inhibition of NADPH oxidase by

different NADPH oxidase inhibitors largely prevented ceramide-induced and

O2
•�-mediated impairment of endothelium-dependent relaxation to agonists in

small bovine coronary arteries (Zhang et al. 2001). These studies very clearly

indicate that NADPH oxidases mediate dysfunction of ECs induced by ceramide.

In additional studies, ceramide-induced activation of NADPH oxidase was

associated with a rapid translocation of p47phox to the cytoplasmic membrane. As

discussed above, p47phox translocation is a crucial step leading to activation of

NADPH oxidase in phagocytes, these data suggest that p47phox translocation may

initiate ceramide-induced activation of NADPH oxidase in coronary ECs. How-

ever, the signaling mechanisms that initiate p47phox translocation are unclear. It has

been suggested that TNF-α activates PKC-ζ, which in turn phosphorylates p47phox,
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thereby inducing the translocation of this subunit to the membrane where it

associates with gp91phox to form the active enzyme complex (Frey et al. 2002).

It is possible that ceramide employs this kinase to regulate NADPH oxidase in ECs.

On the other hand, it might be also possible that ceramide-enriched membrane

platforms recruit the subunits of NADPH oxidase to assemble and activate the

oxidase at the cell membrane after treatment with TNF-α.
Although it is very attractive to speculate that MRs and ceramide-enriched

membrane platforms are involved in the homeostasis of ECs and the response of

these cells to cytokines, little is known about the role of these domains for the

regulation of vascular endothelial functions. Recently, work in our laboratory has

tested whether MR clustering and trafficking on the cell membrane of ECs are

associated with ceramide production and action (Jin et al. 2007, 2008a; Zhang et al.

2006, 2007). It was found that ASMase and ceramide are of importance in CD95

ligand-induced formation of MR clusters on the EC membrane. We also

demonstrated that ceramide-mediated clustering of MRs is involved in the regula-

tion of O2
•� production in coronary ECs via NADPH oxidase. This effect was

associated with the recruitment and aggregation of the NADPH oxidase subunits

gp91phox and p47phox in MRs. It was shown that silencing the ASMase gene by

siRNA reduced CD95 ligand-induced gp91phox aggregation in MR clusters and

p47phox translocation and completely inhibited CD95 ligand-induced O2
•� produc-

tion in these cells. In isolated small bovine coronary arteries, transfection of

ASMase siRNA markedly attenuated CD95 ligand-induced inhibition of

endothelium-dependent vasorelaxation (a response to bradykinin) by 60 %

(Zhang et al. 2007). The results suggest that ASMase, the release of ceramide,

and MR-derived ceramide-enriched membrane platforms are involved in the acti-

vation of NADPH oxidase in response to cytokines in coronary ECs, consequently

leading to endothelial dysfunction (Jin et al. 2007; Zhang et al. 2006, 2007).

Recently, the MR redox signaling platform associated with NADPH oxidase has

been demonstrated to be responsible for endothelial dysfunction induced by various

stimuli such as death receptor activation, homocysteine, cytokines, or adipokines

(Jin et al. 2008b; Xia et al. 2011; Zhang et al. 2006). As a commonly used functional

study, endothelium-dependent vasodilation (EDVD) response in isolated perfused

arteries was intensively tested. It was found that various stimulations which led to

the formation of MR redox signaling platforms such as CD95 ligand, endostatin,

homocysteine, and visfatin all led to impairment of EDVD. This impairment was

homeostatically recovered by NADPH oxidase inhibition using apocynin, M-β-CD,
filipin, or ASMase siRNA, suggesting that MR redox signaling platforms with

NADPH oxidase participate in the impairment of endothelial function (Jin et al.

2007, 2008b; Zhang et al. 2006, 2007). This MR redox enhancement in endothelial

injury and dysfunction may be intimately involved in the pathophysiology of

diverse cardiovascular diseases such as atherosclerosis, hypertension, shock, and

ischemia/reperfusion injuries.
In addition, the formation or enhancement of MR redox signaling platforms

may contribute to macrophage reprogramming, foam cell formation, and cell
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deformability. Induction of lipid oxidation through ROS was found to amplify foam

cell formation through oxidized low-density lipoprotein (Ox-LDL) uptake and a

subsequent clustering of ceramide-enriched lipid domains (Morita et al. 2004). In

addition, Ox-LDL was found to affect cell-surface turnover of ceramide-backbone

sphingolipids and apoE-mediated uptake, by low-density lipoprotein receptor-

related protein (MRP) family members, leading, in turn, to cell-surface expansion

of ceramide-enriched domains and activation of apoE-/MRP1-/CD1-mediated anti-

gen presentation (van den Elzen et al. 2005). On the other hand, high-density

lipoprotein (HDL)-mediated lipid efflux can disrupt MRs and prevent foam cell

formation. It has been suggested that MR redox signaling or regulation plays an

important role in the formation of foam cells and thus in the progression of

atherosclerosis (Schmitz and Grandl 2007).

In addition to the role in alterations of macrophage behavior, MR redox

signaling may also play an important role in cell deformability, thereby initiating

or promoting atherogenesis (Levitan and Gooch 2007). Studies have demonstrated

that disruption of MRs by oxidants such as Ox-LDL altered the cytoskeletal

structure, including the extent of polymerization, stabilization, cross-linking, and

membrane association (Byfield et al. 2006). These molecular alterations may

increase the force generated by the cytoskeleton, resulting in a stiffening of the

cytoskeleton and hence stiffening of the cell and plasma membrane. Increased

force in the cytoskeleton and its downstream increased stiffness may also elevate

membrane tension and thereby influence the activity of various mechanosensitive

ion channels. Direct evidence suggests that Ox-LDL can disrupt MRs, resulting in a

series of pathological changes in the biomechanical properties of vascular ECs and

ultimately induce endothelial dysfunction and atherogenesis (Blair et al. 1999;

Byfield et al. 2006).

As summarized in Fig. 2, ASMase-mediated ceramide signaling and ROS-based

redox signaling interact through a MR signaling platforms. As a molecular cross

talk, this interaction of ceramide and ROS may play an important role in the

regulation of endothelial function. When various death factors or other stimuli act

on ECs, ASMase located in situ or translocated from lysosomes or lysosome-like

vesicles is activated to produce ceramide from SM, resulting in the formation of a

number of ceramide-enriched membrane signaling platforms. In these platforms,

ASMase, NADPH oxidase subunits such as gp91phox and p47phox, and other

proteins are aggregated and activated, producing O2
•�. O2

•� reacts with NO to

decrease NO bioavailability and to produce peroxynitrite (ONOO�). Increased
ONOO� uncouples NOS to produce more O2

•� but less NO. O2
•� or ROS may

feedforward enhance MRs clustering by enhancement of ASMase and alteration

of MR clustering process, forming positive amplifications. All these together

constitute a redox signaling network resulting in endothelial dysfunction and

impairment of endothelium-dependent vasodilation, which may be the basis for

difference cardiovascular diseases such as atherosclerosis, coronary artery disease,

hypertension, and peripheral arterial disease.
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4.2 Regulation of Renal Function

Recent studies have indicated that ceramide may be implicated in the regulation of

kidney function and seems to be involved in renal glomerular and tubular pathology

(Kaushal et al. 1998; Ueda et al. 2000; Yi et al. 2004; Yin et al. 1997). More

recently, our group demonstrated that ceramide importantly contributes to the

development of chronic glomerular injury associated with hyperhomocysteinemia,

and thereby ceramide may serve as an important mechanism of end-stage renal

disease (Yi et al. 2004, 2007, 2009b). Several studies that employed TLC and

HPLC analysis reported the detection of ceramide in the kidney, leading to the

hypothesis that ceramide might be involved already in the regulation of normal

renal function (Kaushal et al. 1998; Ueda et al. 2000; Yi et al. 2004; Yin et al.

1997). To determine whether ceramide also participates in the development of

chronic renal failure, we employed a model of hyperhomocysteinemia-induced

renal injury. These studies revealed that hyperhomocysteinemia significantly

increased ceramide levels in the renal cortex from rats. Likewise, treatment of

cultured mesangial cells with L-homocysteine resulted in a concentration-

dependent increase in ceramide. Evidence for a de novo synthesis of ceramide by

L-homocysteine was provided in studies that employed fumonisin B1 and myriocin,

inhibitors of the de novo synthesis pathway of ceramide. These inhibitors prevented

O2
 . -

Stimuli

NO

MR  Signaling Platforms

ASMase

L-Arg OONO-
eNOS

BH4 BH2

Membrane

Intracellular 

Impaired EDVD

Ceramide

NADPH oxidase 

Fig. 2 Ceramide-enriched redox signaling platforms associated with NADPH oxidase in endo-

thelial dysfunction. Upon ASMase stimulation, ceramide is released to promote MR clustering and

form ceramide-enriched MR platforms, with aggregation and assembling of NADPH oxidase

subunits and other proteins such as Rac GTPase. Then, NADPH oxidase is activated to produce

O2
•�, which reacts with NO to produce ONOO� resulting in endothelial dysfunction in coronary

arteries. Further, NADPH oxidase-derived O2
•� regulates ASMase activation and ceramide

production in a feedforward manner
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L-homocysteine-induced ceramide formation in mesangial cells as well as in vivo in

the kidney and attenuated glomerular injury and proteinuria (Yi et al. 2004, 2009b).

These data provide direct evidence that the ceramide pathway is critically involved

in L-homocysteine-induced glomerular injury and glomerular sclerosis.

Further mechanistic studies have demonstrated that L-homocysteine stimulated

ceramide production in different glomerular cells such as glomerular capillary ECs,

podocytes, and mesangial cells and that ceramides appear to be an important

regulator of the function of glomerular filtration membrane, which is consistent

with previous results that ceramide may be involved in the regulation of normal

renal function (Kaushal et al. 1998; Ueda et al. 2000). It was also found that

blockade of ceramide production in hyperhomocysteinimic rats substantially

inhibited the enhancement of NADPH oxidase activity and production of O2
•� in

the kidney (Yi et al. 2004). Although translocation of p47phox, seen in ECs, was not

shown to occur in L-homocysteine- or ceramide-induced activation of NADPH

oxidase in rat mesangial cells (Yi et al. 2004), in podocytes and glomerular

capillary ECs, homocysteine was shown to induce the formation of MR redox

signaling platforms associated with NADPH oxidase (Yi et al. 2009a; Zhang

et al. 2010). Perhaps, the transformation of small MRs to ceramide-enriched

membrane platforms results in a clustering of NADPH oxidase molecules,

producing redox signaling or injury in these glomerular cells, resulting in local

oxidative stress and ultimate glomerular injury. This oxidative stress mediated by

NADPH oxidase has been indicated to play an important role in progressive

glomerular injuries or glomerulosclerosis associated with hyperhomocysteinemia

and other diseases such as diabetes and hypertension (Eid et al. 2009; Fujimoto

et al. 2008; Yi et al. 2004). It is now known that the formation of MR redox

platforms and ROS production is a major mechanism responsible for

hyperhomocysteinemia-induced enhancement of glomerular permeability, thereby

producing glomerular injuries and consequent sclerosis, which is associated with

the regulation of microtubule stability. It seems that the early injurious effects of

hyperhomocysteinemia and other pathogenic factors acting on NADPH oxidase are

associated with the formation of redox signaling platforms via MR clustering and

consequent increases in glomerular permeability due to disruption of microtubule

networks in the glomerular filtration membrane (Yi et al. 2007; Zhang et al. 2010).

In addition to their role in the regulation of renal glomerular function, MRs-

associated NADPH oxidase may maintain an inactive state of this enzyme in human

renal proximal tubule (RPT) cells. Disruption of such inactive MRs may result in

their activation (Han et al. 2008). Different cells use MRs to conduct redox

signaling in different ways. As Li et al. have reported, NADPH oxidase-dependent

ROS production is differentially regulated in MRs and non-MR compartments of

RPT epithelial cells (Yi et al. 2009b). This differential regulation or MR-associated

inactive NADPH oxidase is mainly attributed to the action of the neurotransmitter

dopamine. Dopamine is an essential neurotransmitter involved, mainly via its

peripheral receptors, in the control of blood pressure, sodium balance, and various

renal and adrenal functions (Jose et al. 2002). As G-protein-coupled receptors,
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dopamine receptors are associated with both caveolar and noncaveolar MRs (Allen

et al. 2007; Lingwood et al. 2009; Simons and Ikonen 1997; Yu et al. 2004). It has

been shown that D1-like receptors can exert an inhibitory action on ROS production

in VSM and RPT cells (White and Sidhu 1998; Yang et al. 2006b; Yasunari et al.

2000). However, the molecular mechanisms involved still remain unknown. By

sucrose density gradient ultracentrifugation and analysis of NADPH oxidase

isoforms and subunits in MRs, it was found that the majority of membrane proteins

was in non-MR fractions; only a small portion of proteins were in MR fractions.

The D1-like receptor agonist, fenoldopam, decreases NOX2 and Rac1 proteins in

MRs, albeit to a greater extent in hypertensive than normotensive rats. Fenoldopam

decreased the amount of NOX2 that co-immunoprecipitated with p67phox in cells

from normotensive rats. These observations suggest that fenoldopam causes a

redistribution of NOX2, NOX4, and Rac1 from MRs and to non-MR fractions.

Further studies have shown that disruption of MRs results in the reactivation of

NADPH oxidase that was destroyed by antioxidants and the silencing of NOX2 or

NOX4. Perhaps this explains why in human RPT cells, MRs maintain NADPH

oxidase in an inactive state (Han et al. 2008).

5 Concluding Remarks

In summary, there is no doubt that redox signaling through NADPH oxidase and

other ROS producing or scavenging systems is correlated with the unique mem-

brane structures known as MRs, where MRs serve as platforms to aggregate the

membrane spanning or cytosolic components of the enzymes subunits or cofactors.

In particular, MRs clustering may be a major mechanism for the assembly of

NADPH oxidase subunits and cofactors into an active enzyme complex. Such

MR redox platforms produce O2
•� and thereby conduct redox signaling with

compartmentalization and amplifications in response to different receptor bindings

or other stimuli. It is well known that the formation of this MR redox signaling

platform associated with NADPH oxidase is associated with activation of ASMase

and production of ceramide. On the other hand, ROS production may enhance

ASMase activity or alter MR components to promote MRs clustering. It is clear

that ROS-based redox signaling and ceramide producing system and consequent

signaling interact under control condition or upon different stimuli, constituting a

temperospatial cross talk between two signaling pathways. Such cross talk may be

significantly implicated in the regulation of organ functions. As an example, the

regulation of endothelial function and renal glomerular or tubular functions is

closely associated with ceramide–redox cross talk, and their interplay, if exces-

sively enhanced, may result in endothelial dysfunction and renal glomerular

or tubular dysfunction, leading to various cardiovascular and renal diseases. In

perspective, it is imperative to develop new in vivo research strategies that are able

to address the contribution of ceramide–redox interaction to organ functions and

related regulatory mechanisms. More studies may also be needed to translate
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experimental results related to MR redox signaling platforms and ceramide–redox

cross talk to clinical use.
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Abstract Of the multiple and diverse homeostatic events that involve the lung

vascular endothelium, participation in preserving vascular integrity and therefore

organ function is paramount. We were the first to show that the lipid growth factor

and angiogenic factor, sphingosine-1-phosphate, is a critical agonist involved in

regulation of human lung vascular barrier function (Garcia et al. J Clin Invest,

2011). Utilizing both in vitro models and preclinical murine, rat, and canine models

of acute and chronic inflammatory lung injury, we have shown that S1Ps, as well as

multiple S1P analogues such as FTY720 and ftysiponate, serve as protective agents
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limiting the disruption of the vascular EC monolayer in the pulmonary microcircu-

lation and attenuate parenchymal accumulation of inflammatory cells and high

protein containing extravasated fluid, thereby reducing interstitial and alveolar

edema. The vasculo-protective mechanism of these therapeutic effects occurs via

ligation of specific G-protein-coupled receptors and an intricate interplay of S1P

with other factors (such as MAPKS, ROCKs, Rho, Rac1) with rearrangement of the

endothelial cytoskeleton to form strong cortical actin rings in the cell periphery and

enhanced cell-to-cell and cell-to-matrix tethering dynamics. This cascade leads to

reinforcement of focal adhesions and paracellular junctional complexes via

cadherin, paxillin, catenins, and zona occludens. S1P through its interaction with

Rac and Rho influences the cytoskeletal rearrangement indicated in the later stages

of angiogenesis as a stabilizing force, preventing excessive vascular permeability.

These properties translate into a therapeutic potential for acute and chronic inflam-

matory lung injuries. S1P has potential for providing a paradigm shift in the

approach to disruption of critical endothelial gatekeeper function, loss of lung

vascular integrity, and increased vascular permeability, defining features of acute

lung injury (ALI), and may prove to exhibit an intrinsically protective role in the

pulmonary vasculature ameliorating agonist- or sepsis-induced pulmonary injury

and vascular leakage.

Keywords Endothelial cells • S1P • Rac • Rho • Cytoskeleton

1 Introduction

The lung vascular endothelium is a critical participant in multiple homeostatic

events that preserve the lung’s physiologic function. These range from maintenance

of vascular tone, blood coagulation, inflammation, angiogenesis, cell homeostasis,

and the maintenance of lung fluid balance. For example, the lung endothelium is

essential to adequate gas transfer and tissue oxygenation but serves as a primary

cellular target in the profound physiologic derangement that accompanies acute and

chronic inflammatory lung injuries. Via disruption of critical endothelial gatekeeper

function, the loss of lung vascular integrity results in parenchymal accumulation of

leukocytes and extravascular lung water and increased vascular permeability,

defining features of acute lung injury (ALI) that contribute to the increased morbid-

ity and mortality of this devastating syndrome. Consequently, there is substantial

interest in the development and utilization of clinically effective agents that either

interfere with or prevent lung vascular endothelial cell (EC) barrier dysfunction,

restore EC barrier integrity, reduce alveolar flooding, and improve respiratory

mechanics (Schuchardt et al. 2011; Snider et al. 2010; Belvitch and Dudek 2012;

Bazzoni and Dejana 2004; Jacobson and Garcia 2007; Komarova et al. 2007).

The vascular endothelium is composed of a single layer of ECs and an underlying

layer of extracellular matrix and serves as a semipermeable barrier, regulating

exchange of gases, water, and solutes across it (Donati and Bruni 2006; Belvitch and

Dudek 2012; Bazzoni and Dejana 2004). The transport of fluids and macromolecules
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across the endothelium is regulated by three main processes. Capillary beds contain

fenestrae that are small diaphragm covered pores in the endothelium allowing the

passive diffusion based transport of the particles based on the size and charge selective

characteristics of the particle. In contrast to diffusion, transcytosis is an active process

that involves the fusion of endocytic vesicles with the luminal endothelial membrane

in response to ligation with cell surface glycoproteins. The third process, and the

most important in pathological conditions, is the paracellular pathway,which involves

the transit of particles through the gaps between ECs (McVerry and Garcia 2004).

The pulmonary vascular and microvascular network is extremely extensive and is

composed of non-fenestrated type of endothelium and is the major hub of fluid and

solute exchange. Prolonged disruption of this homeostatic exchange is an indication of

inflammatory pathological conditions such as acute lung injury and sepsis (Snider et al.

2010; Donati and Bruni 2006; Belvitch and Dudek 2012; Bazzoni and Dejana 2004;

English et al. 2001).

The class of cell membrane components termed the sphingolipids (Schuchardt et al.

2011), aptly named in 1884 after the mysterious Sphinx of Greek mythology, is

recognized as integral components of cellular function and modulators of EC function.

This chapter focuses on the role of sphingolipids as critical integral participants in

numerous vascular physiological and biological responses (Hla and Brinkmann 2011;

Snider et al. 2010)with a particular focus on lung vascular barrier regulation (Lucke and

Levkau 2010). The cumulative effects of these actions are the reduction of barrier

permeability resulting in decreased fluid collection, diminished inflammatory cell

migration, and vascular cellular disruption, ultimately leading to enhancement of barrier

integrity. We outline the molecular mechanisms of both homeostatic and pathobiologic

lung vascular barrier regulation and barrier restoration processes that occur in response

to the bioactive sphingolipid growth factor, sphingosine-1-phosphate (S1P), and ligation

of the family of S1P G-protein-coupled receptors and the translation of this information

into novel barrier-modulatory therapeutic strategies (Lucke and Levkau 2010;

Donati and Bruni 2006; Belvitch and Dudek 2012; Bazzoni and Dejana 2004;

Bode et al. 2010; Boguslawski et al. 2002; Rosen et al. 2007).

2 Sphingosine-1-Phosphate Biosynthesis in Lung Endothelium

As noted elsewhere in this book, over 300 different sphingolipids have been identified,

each having a unique head group and a common long chain sphingoid base backbone

of ceramide. Sphingosine-1-phosphate (S1P) is a sphingolipid resulting from the

phosphorylation of sphingosine, a product of sphingomyelinase catabolism of

sphingomyelin, catalyzed by sphingosine kinase (SphK) (Fig. 1). The catabolism of

ceramide also may lead to the production of S1P (Schuchardt et al. 2011; Lucke and

Levkau 2010). Various enzymes are involved in this process of S1P genesis and may

take one of two routes: de novo generation or via a salvage pathway. The endoplasmic

reticulum is the main site for the de novo pathway and involves various intermediates

such as serine, palmitoyl coenzyme A, and fatty acids, leading to the formation of
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ceramide. The remaining steps ultimately leading to S1P production occur in the

Golgi apparatus and involve the phosphorylation of sphingosine by SphKwhich exists

in two isoforms (SphK1, SphK2) exhibiting a similar structure but distinct catalytic

properties, cellular distribution, and expression traits (Schuchardt et al. 2011; Lucke

and Levkau 2010;Waeber et al. 2004). The salvage pathway involves the recycling of

sphingolipids and ceramide by catabolic actions of glucocerebrosidases and

sphingomyelinases and the action of ceramidases that breakdown ceramides to

sphingosine and finally the formation of S1P, which then exerts its influence through

the S1P receptors (Schuchardt et al. 2011; Snider et al. 2010). All cells in the body

have the ability to produce S1P during the course of sphingomyelin metabolism;

however, erythrocytes and ECs are very prominent source of S1P present in plasma

(Fig. 2). The transfer of the S1P from the intracellular environment of its genesis to the

extracellular environment of its action is facilitated by ATP-binding cassette (ABC)-

type transporters, although additional mechanisms must exist as experiments in mice

lacking these transporters showed unchanged levels of S1P in the plasma. The

concentration of S1P in the plasma ranges between 200 and 1,000 nM, primarily

bound to HDL but also to albumin, LDL, and VLDL. Even though the total quantity of

S1P in the plasma is greater than the concentration of its receptors, the biologically

active available fraction of S1P is only about 1–2 %. This indicates that the major

portion of the S1P in the plasma is present as a buffered form or in a condensed form,

explaining the enormous capacity of the HDL to transport S1P in the plasma, buffer it,

and to carry away excess S1P produced at sites of inflammation. This relationship is

also involved in many HDL–S1P biological activities such as NO-induced vasodila-

tation, antioxidant, anti-apoptotic, angiogenic, and anti-inflammatory responses.

A likely explanation is that the HDL transports S1P such that only a limited portion

of its cargo is exposed to S1P receptors, potentially intricate process involving HDL

engagement with its own receptors before S1P docking with S1P receptors. This

mechanism is supported by the observation that experimental exogenous loading of

HDL with S1P enhances inhibition of apoptosis in EC induced by oxidized LDLs

(Schuchardt et al. 2011; Lucke and Levkau 2010; Hla and Brinkmann 2011; Donati

and Bruni 2006; Zhao et al. 2007; Berdyshev et al. 2011; Venkataraman et al. 2006;

Serin + Palmitoyl CoA + Fatty acid

Sphingomyelin Ceramide Sphingosine Sphingosine -1- phosphate

Phosphoethanolamin
+ Hexadecanal

Sphingomyelinase

Sphingomyelin synthase

Ceramidase

Ceramide synthase

Sphingosinkinase

Sphingosine phosohatase
S1P lyase

de novo syntesis via multiple intermediates

Fig. 1 Ceramide is either formed de novo from serine, palmitoyl coA, and fatty acid or via

breakdown of membrane sphingomyelin. Ceramide is further converted to sphingosine, which can

be phosphorylated to generate S1P. Degradation of S1P could be reversible by dephosphorylation or

irreversible by S1P lyase. S1P, sphingosine-1-phosphate [Modified from Schuchardt et al. (2011)]
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Yang et al. 1999; Yatomi et al. 1995; Waeber et al. 2004; Boguslawski et al. 2002;

Saba and Hla 2004).

3 S1P Signal Transduction via Lung Endothelial S1P Receptors

and Rho Family GTPases

The neglected status of S1P changed with the discovery and study of the five

G-protein-coupled S1P cell surface receptors (S1PR1–S1PR5), formerly known

as endothelial differentiation gene or Edg receptors, resulting in the appreciation of
S1P as a multifunctional bioactive signaling lipid molecule. Although in mouse
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Fig. 2 Regulation of vascular permeability by S1P/ SIP1 signaling. Binding of S1P to the SIP1
receptor stimulates the Gi-dependent recruitment of PI3 kinase, Tiam1, and Rac1 to lipid rafts

(CEM), which serves to activate Rac1 in a Gi-PI3K-Tiam1-dependent manner. In addition, S1P

induces an increase in intracellular Ca2+ concentration via a Gi-PLC pathway with additional

activation of Rac1. After the activation of Rac1, S1P induces a series of profound events including

adherens junction and tight junction assembly, cytoskeletal reorganization, and formation of focal

adhesions that combine to enhance vascular barrier function. Furthermore, the transactivation of

S1P1 signaling by other barrier-enhancing agents is recently recognized as a commonmechanism for

promoting endothelial barrier function. TJ tight junction, AJ adherens junction, S1P sphingosine-1-

phosphate, SIP1 sphingosine-1-phosphate receptor 1, PI3K phosphoinositide 3-kinase, Tiam 1
t-lymphoma invasion and metastasis gene 1, Rac1 Rho family of GTPase Rac1, PAK1 p21-activated
protein kinase 1, LIMK LIM kinase, PLC phospholipase C, ZO-1 zona occluden protein-1, nmMLCK
non-muscle myosin light-chain kinase, VE-Cad vascular endothelial cadherin, a-Cat a-Catenin,
β-Cat β-Catenin, Vin vinculin, Pax paxillin, FAK focal adhesion kinase, GIT2 G-protein-coupled

receptor kinase interactor-1, ECM extracellular matrix, APC activated protein C, HMW-HA high

molecular weight hyaluronan [Modified from Wang and Dudek (2009)]
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embryonic fibroblasts devoid of S1P receptors, S1P continued to mediate growth

and survival, the majority of S1P-associated functions are performed through

receptor-mediated signaling. The various S1PRs interact mainly with α subunits

of G proteins: Gi, Gq, and G 12/13 to initiate signaling associated with S1P (Snider

et al. 2010; Garcia et al. 2001; Waeber et al. 2004; Rosenfeldt et al. 2003; Lee et al.

1998; Liu et al. 2000; An et al. 2000; Ohmori et al. 2001). These receptors have

prominent effects on the vasculature, promoting endothelial cell mitogenesis,

chemotaxis, and angiogenesis. The primary S1P receptors expressed in ECs are

S1PR1 and S1PR3, which exhibit distinct coupling to Rho family GTPases (Rho,

Rac, and Cdc42), a group of regulatory molecules that channel signals from cell

surface receptors to their downstream effectors including actin cytoskeletal

components. Rac activity is associated with adherens junctional assembly, cyto-

skeletal rearrangement, and lamellipodia formation (Lucke and Levkau 2010;

Snider et al. 2010; Garcia et al. 2001; Berdyshev et al. 2011; Gosens et al. 2004;

Lee et al. 1996, 1998, 1999; Birukova et al. 2004; Rosen and Goetzl 2005;

Rosenfeldt et al. 2003; Amano et al. 1996; Ohmori et al. 2001). We demonstrated

that S1PR1 is the critical S1P receptor for barrier enhancement (McVerry and

Garcia 2004; Sun et al. 2009) mediated by the small GTPase Rac1, inducing a

signaling pathway that leads to cytoskeletal rearrangement with increased cortical

peripheral actin resulting in increased EC junctional integrity and focal adhesion

strength (Garcia et al. 2001; Adyshev et al. 2011; Wang and Dudek 2009; Lee et al.

1996; Singleton et al. 2005) (Fig. 3). Ligation of S1PR1 increases Rac GTPase

activity resulting in increased endoplasmic reticulum-derived cytosolic calcium

(Worthylake et al. 2001), processes critical to S1P-mediated vascular effects. S1P

activates Rac GTPase in pertussis toxin-sensitive fashion to aid in the enhancement

of vascular integrity via the construction of adherens junctions and cytoskeletal

modifications and lamellipodia formation (Fig. 3). Microinjection of dominative-

negative Rac into EC reduces S1P-induced VE-cadherin and β-catenin accumula-

tion at the cell–cell junctions, translocation of cortactin, and the polymerization of

cortical actin. Overexpression of activated Rac GTPase institutes changes in the

cortical actin similar to those produced by S1P ligation of S1PR1 (Adyshev et al.

2011; Ebnet et al. 2000; Wojciak-Stothard et al. 2006; Corada et al. 1999; Carmeliet

et al. 1999; Mitra et al. 2005; Owen et al. 2007; Chae et al. 2004; Waterman-Storer

et al. 1999). In addition to lamellipodia, there is increased actin polymerization at

the cell periphery (i.e., the cortical actin ring) that occurs with increased force

driven by the actin-binding proteins, cortactin, and nmMLCK, which also

translocate to this spatially defined region. Like lamellipodia formation, Rac

GTPase-dependent increases in cortical actin follow, after exposure to multiple

EC barrier-enhancing or maintaining functions, with cortactin directly interacting

with nmMLCK, an association which is increased by p60 Src tyrosine phosphory-

lation of either cortactin or nmMLCK (Parizi et al. 2000). Rac activation is in

conjunction with Akt-mediated phosphorylation events known to be involved in EC

proliferation and migration (Singleton et al. 2007) and EC barrier enhancement

(McVerry and Garcia 2004; Krump-Konvalinkova et al. 2005; Mehta et al. 2005;

Arce et al. 2008; Birukova et al. 2004, 2007; Ryu et al. 2002).
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The cortical cytoskeletal rearrangement produced by the S1P involves specific

signaling sequences that bind to the p21-associated Ser/Thr kinase (PAK), an

important downstream Rac target (Shikata et al. 2003b; Arce et al. 2008), as its

binding to Rac results in the phosphorylation and activation of LIM kinase and the

subsequent inactivation of the LIM kinase target, cofilin (Shikata et al. 2003b; Arce

et al. 2008). Cofilin is an actin-binding protein with actin-severing capabilities

leading to actin disassembly, events resulting in EC barrier enhancement. PAK and

cofilin allow polymerization–depolymerization cycling to occur and thus facilitate

rearrangement of actin from primarily transcytoplasmic to primarily cortical in a

spatially distinct organization as a cortical actin cellular ring, findings which are

integral to EC barrier function (Schuchardt et al. 2011). Transfection of EC with

PAK-1 dominant negative construct significantly reduces S1P-mediated increases

in the cortical restructuring, whereas adenoviral-mediated cofilin overexpression
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Fig. 3 S1P regulates enhanced EC barrier function. Ligation of the S1PR1 Gi protein-coupled

receptor by S1P rapidly (within 1–5 min) activates Rac and recruits signaling molecules and

cytoskeletal effectors such as c-Abl, cortactin, and nmMLCK to lipid rafts (or CEMs). Tyrosine

phosphorylation of these molecules is observed both in lipid rafts and at the EC periphery in

association with cortical actin and lamellipodia formation. This activated complex likely interacts

with Arp 2/3 machinery to produce lamellipodia protrusion at the cell periphery, which serves to

increase overlap between adjacent ECs. The initiation and precise sequence of events responsible

for these protein movements are unclear, but within 5 min after S1P stimulation, these proteins are

found simultaneously distributed in lipid rafts, cortical actin structures, and peripheral membrane

ruffling/lamellipodia (indicated by the bidirectional circle). S1P also induces adherens junction

(AJ) and tight junction (TJ) assembly that serve to further strengthen the endothelial barrier.

Multiple other signaling and cytoskeletal effector molecules participate in this process as reviewed

elsewhere (Wang and Dudek 2009). MLCK non-muscle myosin light-chain kinase, VE-cad
vascular endothelial cadherin, ZO-1 zona occluden protein-1 [Modified from Belvitch and

Dudek (2012)]
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prominently attenuates the barrier stabilizing actions of S1P. Rac activation is also

critical to the translocation of cortactin, an actin-binding protein that stimulates

actin polymerization and stabilizes actin filaments. (Belvitch and Dudek 2012;

Shikata et al. 2003b; Singleton et al. 2005; Mitra et al. 2005; Narumiya et al.

1997) And via binding to MLCK localizes to the site of cortical actin polymeriza-

tion (Belvitch and Dudek 2012; Sun et al. 2009). S1P induced increases in trans-

endothelial electrical resistance (TER) responses, a reflection of barrier integrity,

are also reduced when Rac expression is experimentally reduced using siRNA. Of

the remaining two members the Rho family of GTPases, Rho has been shown to be

involved in the phenotypic modulation and contraction in smooth muscles along

with the formation of stress fibers and focal adhesions, whereas Cdc42 has been

shown to be a regulator in filopodia formation (Adyshev et al. 2011; Arce et al.

2008; Wojciak-Stothard et al. 2006; Birukova et al. 2004; Wysolmerski and

Lagunoff 1990; Ohmori et al. 2001).

4 S1P Recruitment of Signaling Molecules to Lipid Rafts

Lipid rafts are a complex aggregation of various proteins and lipids with

sphingolipids and cholesterol embedded within the plasma membrane. Integral

components of the lipid rafts include the ganglioside GM1 and caveolin-1 that are

directly involved in lipid raft-mediated cell signaling and in S1P-directed vascular

barrier regulation as disruption of the liquid-ordered phase of lipid rafts results in

inhibition of S1P-mediated barrier enhancement. The dependence of S1P on raft-

mediated signaling to maintain and enhance vascular barrier integrity was

confirmed through two-dimensional gel electrophoresis (2-DE) immunoblots of

phosphotyrosine proteins that demonstrated an attenuation in levels of phospho-

tyrosine induced by S1P when the membrane raft formation is interrupted. Mass

spectrometry identified over 200 proteins in membrane rafts with S1P inducing

recruitment of >20 barrier-regulatory phosphotyrosine proteins established such as

focal adhesion kinase (FAK), cortactin, p85α phosphatidylinositol 3-kinase (p85α
PI3K), myosin light-chain kinase (nmMLCK), filamin A/C, and the non-receptor

tyrosine kinase, c-Abl (McVerry et al. 2004). In addition, S1P-induced signaling in

human lung EC caveolin-rich microdomains (CEMs) identified additional upstream

effectors that contribute to the barrier regulatory properties including Rac, PAK,

cofilin, S1P1, S1P3, PI3 kinase catalytic subunits p110α/β, Tiam1 (T-cell lymphoma

invasion and metastasis-inducing protein 1), and α-actinin 1/4 to CEMs (Quadri et al.

2003; Vestweber 2008; Venkiteswaran et al. 2002; Parizi et al. 2000; Spiegel and

Milstien 2003; Rosenfeldt et al. 2003). Experimental reduction or inhibition of each

upstream effector components derails the PI3 kinase-Tiam-Rac1 pathway and impairs

S1P-induced cytoskeletal rearrangement imperative for barrier enhancement. Disrup-

tion of the CEM using methyl-β-cyclodextrin (MβCD), a cholesterol exhausting

agent, hampers the recruitment of S1PR and PI3 kinase p110α/β by S1P to CEMs

and negatively impacts EC barrier enhancement. Similarly, reductions in expression
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of S1PR1, Tiam1, or PI3k all yield the same negative results on barrier dynamics.

Finally, advanced studies employing quantitative proteomic analysis (iTRAQ)

revealed additional proteins involved with S1P in barrier maintenance such as

myristoylated alanine-rich protein kinase C substrate (MARCKS) and MARCKS-

related protein (MRP) whose silencing also attenuates S1P-mediated EC barrier

enhancement. Endoplasmic reticulumCa2+ also plays a vital role in the S1P-mediated

Rac activation. S1P produces an increase in the intracellular Ca2+ concentration via

the Gβ-dependent pathway, which can be blocked by inhibition of Gβ, phospholipase
C (PLC), or inositol triphosphate receptors, thus preventing the increase in Ca2+, Rac

activation, adherens junction assembly, and ultimately barrier enhancement (Mehta

et al. 2005; Singleton et al. 2005; Brinkmann et al. 2002; Argraves et al. 2004; Rosen

et al. 2007).

5 S1PR1 Signaling to the Lung Endothelial Cytoskeleton and

Restoration of Vascular Integrity

As noted above, we demonstrated that S1PR1 is the critical S1P receptor for barrier

enhancement (Berdyshev et al. 2011; Adyshev et al. 2011; Arce et al. 2008) mediated

by Rac1 GTPase-mediated signaling pathway, leading to cytoskeletal rearrangement

with increased cortical peripheral actin resulting in increased EC junctional integrity

and focal adhesion strength (Berdyshev et al. 2011; Adyshev et al. 2011; Arce et al.

2008; Birukova et al. 2004) (Fig. 3). Consistent with the conceptual framework that

barrier regulation is intimately linked to the cytoskeleton, changes in the actin

cytoskeleton were essential for S1P-mediated barrier enhancement as cytochalasin

B, an actin depolymerizing agent, and latrunculin B, which inhibits actin polymeri-

zation; each prevent the barrier-enhancing effects of S1P. While increases in MLC

phosphorylation within stress fibers are critical to barrier disruption (Fig. 4), MLC

phosphorylation is also a key element in S1P-mediated barrier enhancement and

occurs in a peripheral distribution within the cortical actin ring (Schuchardt et al.

2011), providing strength to this spatially directed scaffolding force and enhancing

cell–cell tethering as we described via atomic force microscopy (Belvitch and Dudek

2012). Immunofluorescence studies demonstrated that overexpressed GFP-nmMLCK

distributes along cytoplasmic actin fibers, but rapidly translocates to the cortical

regions of the cell after S1P treatment, rapidly catalyzing MLC phosphorylation. In

addition, confocal microscopy studies show EC challenged with S1P demonstrates

colocalization of nmMLCK with the key actin-binding and EC barrier-regulatory

protein, cortactin (Belvitch and Dudek 2012; Garcia et al. 2001; Sammani et al. 2010)

(Fig. 4). Cortactin is involved in stimulating actin polymerization (Owen et al. 2007)

and cortical actin rearrangement (Belvitch and Dudek 2012), and tyrosine phosphor-

ylation of cortactin is seen after stimuli which cause cytoskeletal rearrangement

(Belvitch and Dudek 2012). The C-terminal SH3 region of phosphorylated cortactin

directly interacts with nmMLCK at higher rates than non-phosphorylated cortactin,

Sphingolipids in Lung Endothelial Biology and Regulation of Vascular Integrity 209



and the interaction of cortactin and nmMLCK decreases cortactin-stimulated actin

polymerization (Belvitch and Dudek 2012; Sun et al. 2009; Garcia et al. 2001;

Sammani et al. 2010; Shikata et al. 2003b; Singleton et al. 2005) and is essential to

S1P barrier protection. A cortactin-blocking peptide (CBP), which competitively

blocks the cortactin SH3 site and nmMLCK interaction, did not affect S1P-induced

cortactin translocation or cortical actin ring formation, but significantly attenuated

S1P-induced barrier enhancement. Immunofluorescence showed that S1P as well as

other barrier-enhancing agents (such as HGF) produced rapid translocation of

cortactin to the EC periphery, an effect not seen when EC are treated with the

barrier-disrupting agent, thrombin (Narumiya et al. 1997). Thus, tyrosine phosphory-

lation of cortactin is not necessary for peripheral translocation of cortactin after S1P

but is necessary for S1P-induced barrier enhancement. p60src is not involved in this

pathway, but other tyrosine kinases, such as c-abl, are likely involved (Garcia et al.

2001; Sammani et al. 2010; Shikata et al. 2003b; Singleton et al. 2005). Thus,

cortactin, nmMLCK, and the intracellular location of phosporylated MLC are all

critically important in the barrier enhancement induced by S1P (Wang and Dudek

2009; Vouret-Craviari et al. 2002; Xu et al. 2007; Vestweber 2008; Venkiteswaran

et al. 2002; Narumiya et al. 1997; Parizi et al. 2000;Wysolmerski and Lagunoff 1990;

Rosenfeldt et al. 2003; Zondag et al. 1998). Antisense oligonucleotide techniques to

create depleted cortactin states result in a significant blunting of EC barrier response

to S1P. Similarly studies also showed elevated TER readings in EC following
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Fig. 4 Secretion of S1P by erythrocytes, platelets, macrophages, and endothelium. Once secreted,

most of the S1P is uptaken by serum albumin or various serum lipoproteins. Intracellular-produced

S1P in ECs or vascular smooth muscle cells could be transported across the membrane by ABC

transporters. HDL high-density lipoprotein, LDL low-density lipoprotein, Sphk sphingosine kinase,
S1P sphingosine-1-phosphate, VLDL very low-density lipoprotein [Modified from Belvitch and

Dudek (2012)]
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overexpression of wild-type cortactin after administration of S1P. EC with a reduced

expression of cortactin, when exposed to S1P, showed AFM elasticity patterns that

closely resembled the elasticity patterns of unstimulated EC. It has been observed that

in order to achieve peak S1P-induced barrier enhancement phosphorylation of

cortactin at three essential tyrosine residues (Tyr421, Tyr466 and Tyr 482) is required.

This phosphorylation is mediated through Src. When parallel studies are done in

mutant strains of cortactin that lack these tyrosine residues, significantly lower TER

patterns are obtained. As with cortactin, S1P-stimulated rapid displacement of

nmMLCK to areas of active membrane ruffling acting in concert with the relocated

cortactin combined actions essential for the optimal action of S1P. Thus, cortactin and

nmMLCK play a critical role in the enhancement of vascular barrier integrity in

response to S1P (Donati and Bruni 2006; Sun et al. 2009; Zhang et al. 1997).

6 S1P Signaling to Lung Endothelial Adherens Junctions and

Focal Contacts

Highly specialized proteins serve as points of contact between the individual ECs

and between the ECMs with three main types of junctional points of contact

between the ECs: the adherens junctions (AJ or zonula adherens), tight junctions

(TJ or zonula occludens), and gap junctions (GJ). AJ and TJ have very few

junctional proteins in common and institute intracellular adhesion through the

formation of paracellular zipper-like structures along their transmembrane adhesion

sites (Bazzoni and Dejana 2004; Furuse et al. 1994; Lee et al. 2006; Ebnet et al.

2000; Mehta et al. 2002, 2005). The major structural protein of AJ in the EC is the

vascular endothelial cadherin (VE-cadherin) composed of five extracellular

cadherin domains and employing a Ca2-dependent mechanism to mediate

homophilic interaction between adjacent ECs. The VE-cadherin cytoplasmic tail

is similar to other cadherins and avidly binds to β-catenin or plakoglobin

(ɣ-catenin). β-catenin or plakoglobin actively bind to α-catenin, an actin-binding
protein, firmly anchoring the AJ to the actin cytoskeleton. α-catenin can also bind
α-actinin and vinculin, further adding stability to the AJ complexes. An additional
non-actin-binding player that also assists in AJ stability is p120, binding to a
membrane proximal domain of VE-cadherin. VE-cadherin is essential in barrier
function and normal vascular development as evident from VE-cadherin knockout
mice, which do not survive embryonically due to immature vascular development. In
mouse model, exposure to anti-VE-cadherin antibodies results in increased pulmo-
nary vascular permeability; similarly, overexpression of VE-cadherin lacking
mutant, or the chelation of extracellular Ca2+ by EDTA, also yields the same results
along with EC barrier disruption. Severing interaction between β-catenin and
VE-cadherin negatively alters the AJ junction formation and its adhesive strength
with adjacent cells and the actin cytoskeleton. Studies in human EC show a substan-
tial increase in the levels of VE-cadherin and β-catenin at the cell–cell contact region
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to enhance AJ assembly and interaction. Both protein complexes are critical to
maintaining EC barrier function and signal transduction from within each cell to
its surrounding matrix and neighboring cells (Sun et al. 2009; Bazzoni and Dejana
2004; Furuse et al. 1994; Lee et al. 1996; Ebnet et al. 2000; Mehta et al. 2002, 2005).
Co-immunoprecipitation studies revealed the increased association of VE-cadherin
with FAK and paxillin in S1P-challenged EC with enhancement of VE-cadherin
interaction with α-catenin and β-catenin associated with the increased formation of
FAK-β-catenin protein complexes. Depletion of β-catenin using specific siRNA
resulted in complete loss of S1P effects on VE-cadherin association with FAK and
paxillin rearrangement. These results demonstrate that S1P-induced endothelial
barrier enhancement involves β-catenin-linked adherens junction/focal adhesion
interaction (Hla and Brinkmann 2011; Sun et al. 2009; Bazzoni and Dejana 2004;
Furuse et al. 1994; Lee et al. 1996; Quadri and Bhattacharya 2007; Shikata et al.
2003a, b; Venkiteswaran et al. 2002; Corada et al. 1999). Experiments involving
human embryonic kidney cell lines show that overexpression of S1P increases the
expression values of P and E-cadherin, but not α- and β-cadherin, to promote
cell–cell aggregation through a Ca2-based mechanism. Similarly S1P silencing
leads to an underexpression of both VE-cadherin and platelet endothelial cell
adhesion molecule-1 (PECAM-1). Despite all this evidence regarding the important
role of VE-cadherin in assisting in AJ junctional stability, a direct link between
VE-cadherin and S1P-mediated barrier regulation is still vague; furthermore, recent
studies have shown that VE-cadherin may not be involved in the rapid and immedi-
ate effects of S1P on the barrier regulation as shown through TER studies but may
play a role in the delayed onset-sustained effects of S1P on barrier enhancement.
Thus, the S1P/S1P1 signaling pathways not only plays a crucial role in the trans-
location of cadherin molecules and AJ assembly but also oversees the expression of
integral junctional molecules (Bazzoni and Dejana 2004; Furuse et al. 1994; Gosens
et al. 2004; Ebnet et al. 2000; Mehta et al. 2005; Quadri and Bhattacharya 2007;
Corada et al. 1999; Carmeliet et al. 1999; Birukova et al. 2007; Narumiya et al. 1997;
Vestweber et al. 2009).

The influence of S1P in relation is not limited to just AJ but also includes tight

junctions (TJ). The TJ are positioned on the outer leaflets of the lateral membranes

between adjacent cells. TJ regulates the movement of solutes across intercellular

spaces (barrier function) and the movement of membrane proteins between the

apical and basolateral domains of the plasma membrane (fence function). The TJ

consists of a complex of proteins including claudins, occludins, and junctional

adhesion molecules (JAM). The TJ anchors into the actin cytoskeleton through

the interaction and binding of the occludins, claudins, and JAM with the zona

occludens proteins (ZO-1, ZO-2, or ZO-3). Following stimulation by S1P, ZO-1 is

reassigned to the lamellipodia and to the cell–cell junctions via the S1P1/Gi/Akt/

Rac pathway, whereas the barrier-enhancing actions of S1P are blunted by siRNA-

induced downregulation of ZO-1 expression. So like the AJ, the TJ also plays an

important role in barrier regulation in association with S1P (Donati and Bruni 2006;

Bazzoni and Dejana 2004; Furuse et al. 1994; Gosens et al. 2004; Ebnet et al. 2000;

Mehta et al. 2005; Mitra et al. 2005; Narumiya et al. 1997).
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7 S1P Signaling to Lung Endothelial Focal Adhesions

Focal adhesions (FA) are a specific set of cellular sites that help anchor cells to the

underlying ECM and play an essential role in the maintenance of the endothelial

monolayer by adhering the cells to their underlying substrate and providing bidi-

rectional signaling between the ECM and the EC cytoskeleton. Focal adhesions

bridge the intracellular and extracellular space and are composed of extracellular

matrix proteins, transmembrane proteins, and cytoplasmic focal adhesion plaques

(Snider et al. 2010; Ebnet et al. 2000). Focal adhesions facilitate communication

between the actin cytoskeleton and the extracellular space. FA is an amalgamation

of integrin proteins, actin-binding structural proteins such as vinculin, talin, and

α-actinin, adaptor proteins such as paxillin, and focal adhesion kinases (FAK). The

integrins exist as multiple α- and β-glycoprotein chains that non-covalently link in

parallel arrays to form different heterodimers. These different dimers then specify

the ECM-binding target such as collagen, laminin, or fibronectin. FAK is a highly

conserved cytoplasmic tyrosine kinase that is involved in the engagement of

integrins and the assembly of FA through the breakdown of numerous downstream

signals. S1P initiates a series of rapid signaling events in the EC membrane that are

realized by downstream effectors into cytoskeletal changes and variations in barrier

function. FAK also participates in these events at multiple levels and, with other

effector molecules, is recruited to lipid rafts or CEMs and undergo phosphorylation

and activation. These CEM signaling platforms are integral for S1P-mediated

barrier regulation. S1P promotes FAK phosphorylation at specific sites (Y576),

leading to FA disruption and relocation toward the periphery of the cell. S1P also

mediates a temporary association between G-protein-coupled receptor kinase-

interacting protein 1 (GITI1) and paxillin and induces relocation of the GIT2-

paxillin complex toward the cortical ring of the cell (Mehta and Malik 2006;

Peng et al. 2004; Ebnet et al. 2000; Quadri and Bhattacharya 2007; Narumiya

et al. 1997; Dudek et al. 2007; Yuan et al. 2005; Birukova et al. 2004; Wysolmerski

and Lagunoff 1990). In contrast to S1P, thrombin induces FAK phosphorylation at

specific sites (Y397, Y576, Y925), resulting in translocation of FA proteins to stress

fiber ends and EC barrier disruption. Inhibition of Src with Src-specific inhibitor

PP2 abolishes S1P-induced FAK phosphorylation and migration of FA proteins that

is potentially unique for specific signaling pathways (Mehta et al. 2005; Shikata

et al. 2003b; Singleton et al. 2005; Mitra et al. 2005; Spiegel and Milstien 2003;

Miura et al. 2000; Rosenfeldt et al. 2001; Mehta and Malik 2006).

8 Transactivation of S1PR1 in Lung Endothelial Signal

Transduction

Activated protein C (APC) has the ability to induce cytoskeletal changes that

resemble those produced by S1P. APC itself is an anti-inflammatory protein, and

its recombinant human version is used in the clinical settings of severe sepsis. APC
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quickly increases the phosphorylation of endothelial MLC upon the attenuation of

endothelial protein C receptor (EPCR) and induces robust actin-phospho-MLC,

restructuring at the periphery of the cell and at the same time reducing the formation

of central stress fibers. S1P1 is also phosphorylated by APC on the threonine

residue 236 through an EPCR and PI3-kinase/AKT-dependent pathway to mediate

Rac1-dependent cytoskeletal changes. On the other hand, ligation of S1P1 results in

a blunting of the APC-mediated barrier enhancements, especially against thrombin.

All this points toward the importance of APC and EPCR in the transactivation

of S1P1-mediated signaling in barrier integrity enhancement (Tani et al. 2007;

Xu et al. 2007; Zhang et al. 1997; Wang et al. 2009).

Our earlier studies were the first to link the angiogenic properties of S1P and S1P-

receptor ligation to vascular barrier regulation and demonstrated that physiologic

doses of S1P induce EC activation, marked cytoskeletal rearrangement, and stabili-

zation of lung EC barrier function in vitro (Belvitch and Dudek 2012; Camp et al.

2009). This novel function for S1P was of particular relevance to clinical medicine as

thrombocytopenia is well known to be associated with increased vascular leak (Peng

et al. 2004; Shea et al. 2010), and while the mechanism of this effect was unknown,

we demonstrated that activated platelets are an important source of S1P and directly

enhance barrier function via S1P1 ligation (Arce et al. 2008). Platelets contain

significant levels of sphingosine kinase but reduced levels of sphingosine lyase,

thereby serving as enriched sources for the barrier-promoting S1P (Arce et al.

2008). Prior to the last decade, permeability-reducing strategies primarily consisted

of cAMP augmentation, producing only modest barrier enhancement (Peng et al.

2004; Arce et al. 2008; Shea et al. 2010). More recently, a number of barrier-

promoting agents have been identified that share common signal transduction

mechanisms that are distinct from cAMP signals and target the endothelial actin

cytoskeleton to facilitate barrier-restorative processes. We have conceptualized a

paradigm whereby barrier recovery after edemagenic agonists involves development

of a cortical actin ring to anchor cellular junctions and a carefully choreographed (but

poorly understood) gap-closing process via formation of Rac GTPase-dependent

lamellipodial protrusions into the paracellular space between activated ECs. Within

these lamellipodia, signals are transduced to actin-binding proteins (nmMLCK and

cortactin) and phosphorylated MLCs in spatial-specific cellular locations.

Lamellipodia also require formation of focal adhesions (regulated by the cytoskele-

ton) critical to establishment of linkage of the actin cytoskeleton to target effectors

that restore cell–cell adhesion and cell–matrix adhesion (Tani et al. 2007; Wojciak-

Stothard et al. 2006; Xu et al. 2007; Birukova et al. 2004; Zhang et al. 1997;

Wang et al. 2009; Hla 2004; Kihara and Igarashi 2008; Bode et al. 2010; Boguslawski

et al. 2002; Fyrst and Saba 2010; Futerman and Riezman 2005; English et al. 2001).

Another molecule that plays a role in the transactivation of S1P1 signaling is the

glycosaminoglycan (GAG) called hyaluronan (HA). HA is composed of a high

molecular weight HA (HMW-HA) and a low molecular weight HA (LMW-HA).

HMW-HA has the ability to induce S1P1 phosphorylation via AKT to enhance

barrier integrity. However, LMW-HA promotes Src and ROCK 1/2-mediated

phosphorylation of S1P3 to cause barrier disruption. Blocking of S1P1 or S1P3
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mutes the actions of HMW-HA and LMW-HA, respectively, on the endothelium in

terms of barrier stability. Keeping the negative effects of S1P3 on the endothelium

in mind, a novel approach toward enhancing barrier protection would be the

blocking of S1P3. One such protein understudy is methylnaltrexone (MNTX),

which is mu-opioid receptor antagonist that inhibits the actions of S1P3, and

provides barrier protection against thrombin and LPS (Donati and Bruni 2006;

McVerry and Garcia 2004; Tani et al. 2007; Xu et al. 2007; Owen et al. 2007;

Singleton et al. 2006, 2007; Zhang et al. 1997; Wang et al. 2009; Hla 2004;

Kihara and Igarashi 2008; Waterman-Storer et al. 1999).

9 S1PR3 Signaling to the Lung Endothelial Cytoskeleton

and Loss of Vascular Integrity

Interestingly, S1P at elevated concentrations (>5 μM) results in S1PR3-dependent

RhoA-mediated signaling and increased barrier permeability (Adyshev et al. 2011;

Gosens et al. 2004; Narumiya et al. 1997; Birukova et al. 2004). A “conversation”

elicited by ligation of G-protein-coupled receptors takes place between transmem-

brane components (such as large and small GTPases) and cytoskeletal proteins in

membrane domains such as caveolin-enriched lipid rafts andRacGTPase-dependent

lamellipodia. These pathways induce EC cytoskeletal rearrangement resulting in

enhanced junctional linkages between ECs as well as increased linkage of the

cytoskeleton with the underlying extracellular matrix. These events provide the

conceptual underpinning for the molecular targeting of these permeability-reducing

therapeutic strategies. Barrier-restorative agonists (detailed in reference) evoke a

carefully choreographed resolution of inflammation-mediated paracellular gaps by

promoting the formation of lamellipodia, which protrude into the paracellular space

driven by actin polymerizations with focal contacts, which reseal the gaps between

activated ECs (Fig. 3). These lamellipodia contain a variety of actin-binding proteins

such as the Ca2+/calmodulin-dependent non-muscle myosin light-chain kinase

(nmMLCK), which triggers myosin ATPase activity, actin polymerization, and EC

tension development. Increases in vascular permeability must ultimately be

attributed to loss or disruption of endothelial intercellular junctions, in combination

with a breakdown of the tethering forces characteristic of cell–cell or cell–matrix

interactions, which result in paracellular vascular leakage (Zhang et al. 1997;

Jaillard et al. 2005; Bode et al. 2010; Boguslawski et al. 2002; Fyrst and Saba

2010; Futerman and Riezman 2005).

Disruption of pulmonary barrier integrity and edema are cardinal characteristics of

pulmonary pathologies. Airway administration of S1P induces the pulmonary vascu-

lature leak phenomenon by disruption of epithelial tight junctions that is mediated

through the S1P3 receptors. The disruption of tight junctions is accompanied by the

development of gaps in the paracellular spaces and a disintegration of cytoplasmic

plaques associated with tight junctions along with other integral membrane organizer
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proteins. This effect can be experimentally compounded by the addition of the pro-

inflammatory cytokine TNF. The integral role of S1P3 receptors can be gauged in

S1P3-null mice as they are resistant to S1P-induced vascular leakage, indicating a

probable protective role of S1P3 antagonism. This role of S1P3 is in sharp contrast to

that of S1P1 receptors that enhance the stability of vascular endothelial barrier.

Interestingly, IV infusion of S1P inhibits pulmonary leakage in the pulmonary

endothelium, when it is exposed to thrombin or LPS. This is again quite the opposite,

as the effect of S1P when introduced via IT injection on pulmonary epithelium is to

induce vascular leakage leading to acute pulmonary edema. Immunoreactivity studies

in mice (WT and S1P3-null mice) have shown the presence of S1P3 receptors on all

pulmonary epithelial surfaces and not on the pulmonary endothelium. When these

mice were exposed to S1P, disruption was mainly seen in the epithelial tight

junctions, indicating that S1P-induced, and S1P3-mediated, vascular disruption was

epithelial in nature. In this complex interplay, Rho signaling has been assumed to

play a very integral role in the molecular regulation of tight junctional integrity. S1P3

fosters actin cytoskeleton rearrangement by the activation of Gα12 and Gα13 via Rho
signaling. Rho activity has been linked to the regulation of the cellular tight junctions

as well as seen in the overexpression of constitutively active RhoA which results in a

disarray of the structured tight junction morphology. This effect is mediated through

ROCK1 (Rho-associated, coiled-coil containing protein kinase 1) which oversees the

formation of stress fibers by maintaining the active state of myosin light chains by

inactivating myosin light-chain phosphatase (MLCP), and it also stimulates LIM

kinases to exert their effect on cofilin, by inhibiting it, ultimately resulting in a

reorganization of actin cytoskeleton (Gon et al. 2005; Gosens et al. 2004; Birukova

et al. 2004;Worthylake et al. 2001;Wang et al. 2009; Hla 2004; Fyrst and Saba 2010;

Ohashi et al. 2000; Amano et al. 1996).

10 S1P and Lung Angiogenesis

The interface between EC barrier regulation and angiogenesis is an exciting area of

vascular biology. New blood vessel formation, or angiogenesis, is a complex

process involving EC activation, migration, maturation, and remodeling. These

events may occur in a variety of contexts including during normal development and

growth, in response to wound healing, or as part of the pathogenesis of a number of

cancers and autoimmune diseases (Birukova et al. 2004; Boguslawski et al. 2002).

Our initial studies determined that S1P is the most potent EC chemotactic agent

present in serum and is ultimately involved in angiogenesis and vascular hemosta-

sis through its ability to evoke various cell-specific responses (Singleton et al.

2007; Birukova et al. 2004; Bode et al. 2010; Boguslawski et al. 2002). In the

setting of coagulation, S1P is abundantly released from platelets and, via its

pleiotropic effects, potentially contributes to new blood vessel formation. This is

evidenced by in vivo studies that establish S1P as remarkably effective in avian

chorioallantoic membranes, in Matrigel-implanted plugs in mice (McVerry et al.
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2004; Bazzoni and Dejana 2004; Corada et al. 1999; Argraves et al. 2004; Liu et al.

2000; English et al. 2001) and in the avascular mouse cornea. In contrast to VEGF-

induced increases in EC permeability, we were the first to report that another

angiogenic factor (S1P) can also produce EC barrier restoration and enhancement.

S1P strongly enhances TER across human EC monolayers and significantly

attenuates thrombin-induced barrier disruption while rapidly restoring barrier

integrity in the isolated perfused murine lung (McVerry and Garcia 2004;

Peng et al. 2004; Sammani et al. 2010; Mathew et al. 2011; McVerry et al.

2004). A single intravenous dose of S1P, given 1 h after intratracheal endotoxin

administration, produced highly significant reductions in multiple indices of

inflammatory lung injury, including vascular leak, as demonstrated in both murine

(Peng et al. 2004; Sammani et al. 2010; Mathew et al. 2011; McVerry et al. 2004;

English et al. 2001) and canine models of ALI (Quadri et al. 2003; Paik et al. 2004;

Liu et al. 2001). Furthermore, S1P is a major serum component released by

platelets and represents a key mechanism by which platelets nurture the micro-

circulation and preserve vascular integrity (McVerry and Garcia 2004; Peng et al.

2004; Sammani et al. 2010; Mathew et al. 2011; McVerry et al. 2004; Singleton

et al. 2007; Shea et al. 2010; Sanna et al. 2006; English et al. 2001).

11 In Vivo Effects of S1P in Preclinical Models of

Human Lung Disease

One of the main pathophysiological mechanisms involved in the genesis of various

vascular disease conditions is endothelial dysfunction. Conditions ranging from athero-

sclerosis, hypertension, pulmonary hypertension, and cerebrovascular disease have a

basis in endothelial barrier imbalance and dysregulation. Devastating inflammatory

conditions such as acute lung injury (ALI) are characterized by significant andprolonged

vascular permeability. Experimentally the intratracheal administration of lipopoly-

saccharide (LPS) has been used to mimic the clinical presentation of ALI in murine

lungmodels. LPS induces all the responses associatedwithALI including inflammatory

lung injury, thickening of the alveolar wall, neutrophilic migration into the lung

interstitium, and alveolar space. However, after appropriate spacing, the delivery of

S1P prominently reduces the inflammatory landscape and attenuates neutrophilicmigra-

tion into the LPS-exposed lung parenchyma. Similar effects have also been achieved

using a S1P analogue FTY720 in reducing inflammatory changes associated with LPS

administration. Experiments on bothmurine and canine models have yielded promising

results into the therapeutic potential of S1P in countering the devastating effects of

barrier dysfunction-related pathologies of the vasculature. However, given studies

implicating gene expression in the modulation of ALI, the exact manner in which S1P

imparts protection may involve the reduction of inflammatory and/or innate immunity

gene expression (Donati and Bruni 2006; McVerry and Garcia 2004; Sammani et al.
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2010; Mathew et al. 2011; McVerry et al. 2004; Komarova et al. 2007; Mansoor and

Melendez 2008; Chae et al. 2004; Brinkmann et al. 2002).

In addition to the abundant in vitro data describing the EC barrier-enhancing

effect of S1P, the potential utility of S1P in restoring lung water balance in patients

with inflammatory injury was underscored in studies involving small and large

animal models of ALI in which S1P provided dramatic attenuation of LPS-

mediated lung inflammation and permeability. Mice treated with S1P had signifi-

cantly less histologic evidence of inflammatory changes/lung injury, with decreased

neutrophil alveolitis on BAL and decreased lung myeloperoxidase (MPO) activity.

Interestingly, mice treated with S1P after intratracheal LPS also showed an

attenuated renal inflammatory response compared to control, measured by tissue

MPO activity and Evans blue dye extravasation as a measure of capillary leak. S1P

also protected against intrabronchial LPS-induced ALI and concomitant VILI in a

canine model, with decreased shunt fraction, decreased BAL protein, decreased

extravascular lung water, and improved oxygenation (Kihara and Igarashi 2008).

Use of a large animal canine model allowed investigation of regional lung changes

in ALI and the effect of S1P on these changes. Computed tomography (CT) scans of

animals subjected to LPS/VILI found that animals treated with S1P had dramatic

improvement in alveolar air content (with decreased edema) in all lung regions

(Kihara and Igarashi 2008). Additional in vivo studies found that S1P protects

against ventilator-induced lung injury (VILI) in a murine model as assessed by

Evans blue dye extravasation (Sammani et al. 2010; Mathew et al. 2011; McVerry

et al. 2004; Mansoor and Melendez 2008; Kihara and Igarashi 2008; Chae et al.

2004; Brinkmann et al. 2002; Rogers et al. 1989).

As a result, we are excited about the potential utility of FTY720, an

unphosphorylated S1P analogue and a derivative of the natural immunosuppressant

myriocin that has been recently described to cause peripheral lymphopenia by

inhibiting cellular egress from lymphoid tissues. We demonstrated FTY to induce

delayed endothelial barrier enhancement through a Gi-coupled receptor and to protect

against murine inflammatory lung injury. Thus, targeting S1PR1 activation, either

directly or via S1PR1 transactivation by agonists such as activated protein C and high

molecular weight hyaluronan (both robustly barrier protective), or antagonism of

S1PR3 as with methylnaltrexone appears to be promising strategies for attenuating

the vascular leak associatedwithALI (Peng et al. 2004; Sammani et al. 2010;McVerry

et al. 2004; Camp et al. 2009; Yuan et al. 2005; Chae et al. 2004; Paik et al. 2004;

Wu 2005; Waeber et al. 2004; Shea et al. 2010). MLC phosphorylation is also a key

element in S1P-mediated barrier enhancement and occurs in a peripheral distribution

within the cortical actin ring (Belvitch and Dudek 2012; Camp et al. 2009), providing

strength to this spatially directed scaffolding force and enhancing cell–cell tethering as

we described via atomic force microscopy. Immunofluorescence studies have also

demonstrated this via the overexpression of Green Fluorescent Protein–nmMLCK at

sites of barrier remodelling. (Birukova et al. 2004; Boguslawski et al. 2002). These

observations serve to highlight the importance of the cellular location of cytoskeletal

proteins in small and large animal models of ALI in which S1P provided dramatic

attenuation of LPS-mediated lung inflammation and permeability. Mice treated with
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S1P had significantly less histologic evidence of inflammatory changes/lung injury,

with decreased neutrophil alveolitis on bronchoalveolar lavage (BAL) and decreased

lungmyeloperoxidase (MPO) activity (Peng et al. 2004;Mathew et al. 2011;McVerry

et al. 2004; Camp et al. 2009; Jacobson and Garcia 2007; Birukova et al. 2004, 2007;

Dudek et al. 2007; Brinkmann et al. 2002). Similarly, mice treated with S1P after

intratracheal LPS also showed an attenuated renal inflammatory response compared to

control, measured by tissue MPO activity and Evan’s blue dye extravasation as a

measure of capillary leak. S1P also protected against intrabronchial LPS-induced ALI

and concomitant VILI in a canine model, with decreased shunt fraction, decreased

BAL protein, decreased extravascular lungwater, and improved oxygenation. Use of a

large animal canine model allowed investigation of regional lung changes in ALI and

the effect of S1P on these changes. Computed tomography scans of animals subjected

to LPS/VILI found that animals treated with S1P had dramatic improvement in

alveolar air content (with decreased edema) in all lung regions. Additional in vivo

studies found that S1P protects against VILI in a murine model as assessed by Evan’s

blue dye extravasation (Peng et al. 2004; Mathew et al. 2011; McVerry et al. 2004;

Campet al. 2009;Chae et al. 2004; Paik et al. 2004;Wu2005;Waeber et al. 2004; Shea

et al. 2010; Rosen and Goetzl 2005; Rosenfeldt et al. 2003).

We have also evaluated a potential role for S1P in ameliorating lung ischemia–

reperfusion (IR) injury, a common sequelae of lung transplantation, which is

characterized by alveolar damage, edema, and inflammation in donor lungs and is

a significant cause of transplant failure. Utilizing a rat model of IR injury

(pulmonary artery ligation and reperfusion), we determined that rats pretreated

with S1P exhibited reduced lung vascular permeability and inflammation compared

to controls. Lung myeloperoxidase activity, an index of parenchymal leukocyte

infiltration, and levels of IL-6, IL-1b, and IL-2 were also attenuated in S1P-treated

animals exposed to IR injury. Together, these findings suggest that S1P may serve

as an effective permeability-reducing agent in diverse conditions that share an

element of lung inflammatory burden (Peng et al. 2004; Sammani et al. 2010;

Mathew et al. 2011; McVerry et al. 2004; Camp et al. 2009; Chae et al. 2004; Paik

et al. 2004; Wu 2005; Waeber et al. 2004; Shea et al. 2010; Sanna et al. 2006).

Clinically significant radiation-induced lung injury (RILI) is a common toxicity in

patients administered thoracic radiotherapy.Although themolecular etiology is poorly

understood, we previously characterized a murine model of RILI in which alterations

in lung barrier integrity surfaced as a potentially important pathobiologic event and

genome-wide lung gene mRNA levels identified dysregulation of sphingolipid meta-

bolic pathway genes. We hypothesized that sphingolipid signaling components serve

as modulators and novel therapeutic targets of RILI. Sphingolipid involvement in

murine RILI was confirmed by radiation-induced increases in lung expression of

sphingosine kinase (SphK) isoforms 1 and 2 and increases in the ratio of ceramide

to sphingosine-1-phosphate (S1P) and dihydro-S1P (DHS1P) levels in plasma,

bronchoalveolar lavage fluid, and lung tissue. Mice with a targeted deletion of

SphK1 (SphK1(�/�)) or with reduced expression of S1P receptors (S1PR1(þ/�),

S1PR2(�/�), and S1PR3(�/�)) exhibited marked RILI susceptibility. Finally, stud-

ies of 3 potent vascular barrier-protective S1P analogues, FTY720, (S)-FTY720-
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phosphonate (fTyS), and SEW-2871, identified significant RILI attenuation and

radiation-induced gene dysregulation by the phosphonate analogue, fTyS (0.1 and

1 mg/kg i.p., 2� per week) and to a lesser degree by SEW-2871 (1 mg/kg i.p., 2� per

week), compared with those in controls. These results support the targeting of S1P

signaling as a novel therapeutic strategy in RILI (Peng et al. 2004;Mathew et al. 2011;

McVerry et al. 2004).

S1P-induced Rac activation, and cytoskeletal rearrangement produce increased

linkage of actin to VE-cadherin and β-catenin, both important AJ components, as

well as S1P-induced phosphorylation of focal adhesion-related proteins paxillin and

focal adhesion kinase (FAK), with translocation of these proteins to the EC periph-

ery, further implicating S1P-induced cell–cell adhesive changes as part of the

mechanism of S1P-induced barrier enhancement (Quadri et al. 2003; Worthylake

et al. 2001; Zhang et al. 1997; Spiegel andMilstien 2003; Kihara and Igarashi 2008).

Despite profound attractiveness as a therapeutic agent targeting the endothelium in

high permeability states, S1P has several attributes which limit its potential utility as

a permeability-reducing strategy. With an affinity for ligation of the S1P3 receptor

(S1PR3), intratracheal S1P has been implicated as a cause of pulmonary edema via

endothelial/epithelial barrier disruption. S1P also causes bradycardia via ligation of

cardiac S1P3 receptors. These findings generated increased interest in FTY720, a

derivative of the natural immunosuppressant myriocin and a recently described

immunosuppressive agent that causes peripheral lymphopenia by inhibiting cellular

egress from lymphoid tissues. FTY720 is structurally similar (but not identical) to

S1P and is phosphorylated by sphingosine kinase to FTY720-phosphate, which is an

agonist at S1P receptors. This characteristic prompted investigation of the effect of

FTY720 on EC barrier function. FTY720 did not have superior efficacy compared to

mycophenolate mofetil in preventing renal transplant rejection, but it is in Phase III

clinical trials as an immunosuppressant in multiple sclerosis patients. The clinical

availability of FTY720 makes it attractive as a potential mediator of EC barrier

function in patients with ALI. An in vivo study demonstrated that intraperitoneal

FTY720 protected against intratracheal LPS in a murine model of ALI, as measured

by Evans blue dye extravasation. Like S1P, FTY720 causes increased TER

measurements in pulmonary EC, an effect which is abolished by pertussis toxin

(implicating Gi-coupled receptor activation), and requires the generation of signal-

ing components within membrane lipid rafts. Interestingly, however, the mechanism

of FTY720-induced EC barrier enhancement diverges from the mechanism

described for S1P in several ways including the delayed kinetics of the rise in

TER compared to S1P. Decreased expression of the S1P1 receptor prevented S1P-

induced increase in TER but did not affect FTY720-induced TER increases. Unlike

S1P, FTY720 did not result in threonine phosphorylation of the S1P1 receptor, nor

did inhibition of PI3 kinase prevent FTY720-induced EC barrier enhancement.

Furthermore, FTY720 did not cause the increased intracellular calcium, the MLC

phosphorylation, or the cytoskeletal rearrangement seen in response to S1P (Waeber

et al. 2004). Downregulation of Rac or cortactin using siRNAs attenuated the

barrier-enhancing effect of S1P, but not that of FTY720. Although FTY720 is an

S1P receptor agonist, its mechanism of barrier enhancement is distinct from that of
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S1P and does not require the S1P1 receptor (Camp et al. 2009; Dudek et al. 2007;

Chae et al. 2004; Paik et al. 2004;Wu 2005;Waeber et al. 2004; Shea et al. 2010; Liu

et al. 2001).

12 Summary

Sphingosine-1-phosphate is a biologically active lipid growth factor secreted by

erythrocytes, activated platelets, and other cells including endothelium that is integral

to numerous vascular biological mechanisms ranging from cell differentiation, pro-

liferation, motility, angiogenesis, and barrier regulation. S1P is the natural ligand for

five G-protein-coupled receptors and is an integral intracellular secondary messenger

exhibiting an intrinsically protective role in the pulmonary vasculature ameliorating

agonist- or sepsis-induced pulmonary injury and vascular leakage. These vasculo-

protective mechanisms involve an intricate interplay of S1P with other factors (such

as MAPKS, ROCKs, Rho, Rac1) with rearrangement of the endothelial cytoskeleton

to form strong cortical actin rings in the cell periphery and enhanced cell-to-cell and

cell-to-matrix tethering dynamics. This cascade leads to reinforcement of focal

adhesions and paracellular junctional complexes via cadherin, paxillin, catenins,

and zona occludens. S1P through its interaction with Rac and Rho influence the

cytoskeletal rearrangement indicated in the later stages of angiogenesis as a

stabilizing force, preventing excessive vascular permeability. These properties trans-

late into a therapeutic potential for S1P, as shown by its analogue FTY720, as a

protective agent limiting the disruption of the vascular EC monolayer in the pulmo-

nary microcirculation that results in accumulation of protein and inflammatory

cell-filled fluid in the interstitial and alveolar compartments leading to pulmonary

edema and ultimately respiratory failure.
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Abstract Acute lung injury is a life-threatening disease that is characterized by

pulmonary inflammation, loss of barrier functions, and hypoxemia. Sphingolipids are

critically involved in the disease process that they can both expedite and extenuate:

They expedite inflammation by promoting chemotaxis (neutral sphingomyelinase),

increased endothelial permeability (acid sphingomyelinase, S1P3-receptors),

increased epithelial permeability (S1P2- and S1P3-receptors), and delaying neutrophil

apoptosis (neutral sphingomyelinase, S1P1-receptors). They extenuate inflammation

by attenuating chemotaxis (S1P) and by stabilizing the endothelial and the epithelial

barrier (S1P1-receptor). This chapter discusses the multiple roles and therapeutic

options that sphingolipids offer with respect to acute lung injury.

Keywords ARDS • PAF • caveolae • acid sphingomyelinase • sphingolipids •

vascular permeability
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1 Introduction

Acute respiratory distress syndrome (ARDS) represents an often-fatal disease with

an acute onset that is characterized by severe hypoxemia (PaO2/FiO2 < 300), bilat-

eral chest infiltrates, and respiratory failure that is not fully explained by cardiac

failure or fluid overload (Ranieri et al. 2012). The latter point alludes to the common

view that ARDS is the result of increased vascular permeability in the course of

overshooting inflammation. The hyperinflammation hypothesis is based on abundant

experimental evidence (Reiss et al. 2012b) such as the correlation of inflammatory

biomarkers with disease severity and a plethora of preclinical studies (Cross and

Matthay 2011); however, as of now, anti-inflammatory therapies have not been

successful (Bosma et al. 2010; Frank and Thompson 2010; Adhikari et al. 2004).

In principle, the hyperinflammation hypothesis states that ARDS is caused by the

over-activation of the innate immune system leading to tissue destruction by overex-

cited neutrophils, monocytes, and macrophages. The over-activation of the innate

immune system can be triggered by typical causes of ARDS such as sepsis, pneumo-

nia, or acid aspiration. In most experimental models of ARDS, neutrophils play a

critical role, and hence, here we will largely focus on these cells; nonetheless, it

should not be forgotten that ARDS can also occur in neutropenic patients (Maunder

et al. 1986; Ognibene et al. 1986) and animals (Karsunky et al. 2002; Jin et al. 2006).

The pathogenic sequence of events in the classical model where leukocytes are

centrally implicated is depicted in Fig. 1, which also highlights the major roles played

by sphingolipids in this model. In this chapter, we will review the multiple roles

played by sphingolipids in acute lung injury.

2 Levels of Sphingolipids and Related Enzymes in ARDS

2.1 Clinical Data

Acid sphingomyelinase (ASMase) is rapidly upregulated during inflammation in

the lungs and in other organs (Uhlig and Gulbins 2008). One of the first preparations

of ASMase that yielded high amounts of the enzyme was from the urine of septic

patients (Quintern et al. 1989). High ASMase levels have also been observed in the

serum of three patients with hypercytokinemia (Takahashi et al. 2002). And most

remarkably, in septic patient’s serum ASMase activity and ceramide levels were not

only increased but did even correlate with mortality (Claus et al. 2005; Delogu et al.

1999; Drobnik et al. 2003). For the lung itself, human data are lacking, except for

the observation that alveolar neutrophils from ARDS patients contain increased

intracellular ceramide levels (Lin et al. 2011).
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2.2 Experimental Data

Several pro-inflammatory and injurious stimuli such as PAF, TNF, LPS, extensive

lavage, or sulfur mustard toxins will activate ASMase and cause an increase in

pulmonary ceramide levels, independent of the species (Table 1). Sphingosine-1-

phosphate (S1P) levels, on the other hand, are only moderately increased (von

Bismarck et al. 2012) or remain unaltered in the lungs (Table 1) and also in the

serum (Bachmaier et al. 2012). Other enzymes that have been found to be

upregulated in response to i.t. LPS are SMS2 (Gowda et al. 2011), Sphk1 and

Sphk2 (Wadgaonkar et al. 2009).

3 The Functional Role of Sphingolipids in ALI

3.1 Neutrophils

As depicted in Fig. 1, the activation of leukocytes and endothelial cells is a critical

step in the pathophysiology of ALI. Drawn by chemotactic signals, the leukocytes

leave the vasculature and sequester in the lungs. Once in the lungs they may attack

surrounding microorganisms, structures and tissues by proteases, and reactive oxygen

species, before they undergo apoptosis. Neutral sphingomyelinase (NSMase) and S1P

Fig. 1 Overview of the hyperinflammation hypothesis of acute lung injury. Shown in red are the

contributions of sphingolipids
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appear to be particularly important in the regulation of chemotaxis and apoptosis

either in the same direction as in apoptosis or in an antithetic fashion as in chemotaxis.

3.1.1 Chemotaxis

Sphingolipids participate in the chemotactic response of neutrophils that is dependent

on the polarized distribution of sphingolipid-enriched microdomains within the

plasma membrane. Neutrophil chemotaxis is perturbed by disruption of these

microdomains (Pierini et al. 2003; Bodin and Welch 2005). Crucial for their proper

formation is the generation of ceramide by the NSMase, which is required for the

asymmetrical distribution of Rac versus RhoA GTPases as well as for neutrophil

elongation (Sitrin et al. 2011). Blocking NSMase caused loss of directional bias and

decreased the chemotactic index of neutrophils, but had no effect on their motility or

velocity (Sitrin et al. 2011). Intranasal application of NSMase resulted in pulmonary

leukocyte sequestration and increased vascular permeability (Hayashida et al. 2009).

The observation that intracellular ceramide levels were increased in neutrophils from

the BAL of ARDS patients indicates that this mechanism may also be operative in

these patients (Lin et al. 2011).

As so often, the actions of ceramide and S1P are contradictory, and S1Pwas shown

to block neutrophil chemotaxis towards classical chemotaxins such as IL-8 (Kawa

et al. 1997; Rahaman et al. 2006). Importantly, however, when given alone, S1P can

act as a typical chemoattractant with a bell-shaped dose–response curve, and this

effect became stronger in pneumonia patients where S1P3-receptors were upregulated

(Rahaman et al. 2006). Therefore, the effect of S1P on neutrophils in situ may depend

on the plasticity of the neutrophils sequestered in the lungs.

Table 1 Acid sphingomyelinase, ceramide, and S1P levels in models of acute lung injury

Stimulus Species ASMase Ceramide S1P Reference

PAF i.v. Mouse ~ ~ Göggel et al. (2004),

Yang et al. (2010b)

TNF (i.p., i.t.) Rat ~ ~ Ryan et al. (2003)

LPS ( i.p., i.t.) Mouse ~ ~ ◄►/~ von Bismarck et al. (2012), Bachmaier

et al. (2012), Wadgaonkar et al.

(2009), Haimovitz-Friedman et al.

(1997), Zhao et al. (2011)

LPS antenatal Sheep ~ ~ Kunzmann et al. (2011)

Lavage

model

Piglets ~ ~ von Bismarck et al. (2008)
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3.1.2 Apoptosis

Neutrophils undergo spontaneous apoptosis unless external stimuli are provided

(Martin et al. 2005). One important concept in the pathogenesis of ARDS is based

on the longevity of neutrophils: The later the neutrophils go into apoptosis, the

stronger the lung injury. Accordingly, neutrophil apoptosis is delayed in sepsis and

in ARDS (Gilroy et al. 2004; Matute-Bello et al. 2000). Inflammatory signals such

as LPS keep these cells alive by preventing neutrophil apoptosis.

S1P is well known for preventing apoptosis (Hannun and Obeid 2008), and this

is also true for neutrophils (Chihab et al. 2003). In neutrophils, S1P can be formed

from ceramide that is generated by the NSMase, the predominant sphingomyelinase

isoenzyme in these cells (Hinkovska-Galcheva et al. 1998). Thus, inhibition of

NSMase blocks the inhibitory effect of LPS on neutrophil apoptosis via S1P, at

least in part by blocking the LPS-induced activation of p38 MAPK (Lin et al. 2011).

3.1.3 Neutrophils In Vivo: Chemotaxis Versus Apoptosis

Above, we have focused on chemotaxis and apoptosis; we have not discussed

neutrophil effector functions such as degranulation, ROS production, or phagocy-

tosis, because in these processes there is as yet no consistent role of sphingolipids

apparent, although there are some interesting observations (Feldhaus et al. 2002;

MacKinnon et al. 2002; Suchard et al. 1997).

With respect to ARDS, the findings above suggest that inhibition of NSMase

would block the pathogenetic process on two levels: attenuation of pulmonary

neutrophil sequestration and acceleration of neutrophil apoptosis. This hypothesis

was confirmed by studies with the NSMase inhibitor sphingolactone-24 (Sph24)

that reduced leukocyte counts in the lungs 24 h after i.t. administration of a lethal

dose of LPS (Lin et al. 2011). In that study, Sph24 even reduced lung injury and

mortality (Lin et al. 2011). ASMase, on the other hand, while critical for changes in

vascular permeability (see below), appears to affect leukocyte counts only moder-

ately as seen in studies with imipramine in the lavage model and in ASMase-

deficient mice 3 days after inhalation of LPS (von Bismarck et al. 2008).

Like NSMase, S1P has two effects on neutrophils: an early one that attenuates

chemotaxis and a late one that promotes their survival. The experimental findings

support this hypothesis (Table 2), because S1P administration (i.t. or i.v.) reduced

LPS-induced neutrophil sequestration in the alveolar space at 6 h but not at 12 h or

24 h (Wadgaonkar et al. 2009; Peng et al. 2004). The finding that tissue neutrophils—

as opposed to BAL neutrophil counts—were decreased by S1P also at 18–24 h (Peng

et al. 2004; Sammani et al. 2010) suggests that the anti-apoptotic effect of S1P affects

mainly neutrophils in the alveolar but not in the interstitial space. These effects of S1P

are mediated predominantly by the S1P1-receptor, as anti-apoptotic actions have been

described for the specific S1P1-agonist SEW-2871 in vitro (Diab et al. 2010) and

because in vivo that drug behaved similar to S1P in an LPS-based model of ARDS
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(Sammani et al. 2010). Unfortunately, in the latter study, BAL cell counts are not

available for all experimental groups.

S1P is synthesized by two sphingosine kinase isoenzymes: Sphk1 and Sphk2.

SphK activity is stimulated by a variety of stimuli like histamine, growth factors,

and various cytokines (Choi et al. 1996; Taha et al. 2006; Alemany et al. 2007;

Oskeritzian et al. 2008) and contributes to the increased S1P levels in inflammation

(Ledgerwood et al. 2008; Tauseef et al. 2008). In line with the notion that S1P

Table 2 Sphingolipid-directed interventions in models of ALI

Stimulus Intervention PMN Edema

PaO2/

FiO2 Reference

LPS i.t. SMS2 ko ▼ ▼ Gowda et al. (2011)

PAF ASMase�/� ▼ Göggel et al. (2004)

LPS i.p. Imipramine ▼ Göggel et al. (2004),

Yang et al. (2010a)

Lavage model Imipramine ▼ ▼ ~ von Bismarck et al.

(2008)

LPS i.p. D609 ▼ Göggel et al. (2004)

LPS/zymosan

i.v.

D609 ▼ O’Dea et al. (2009)

Acid instillation D609 ▼ ~ Göggel et al. (2004)

LPS i.t. D609 ▼ ▼ Sammani et al. (2010),

Anjum et al. (2012)

Lavage/

ventilation/

LPS

Inositol-1,2,6-

trisphosphate

◄► ▼ ~ Preuss et al. (2012)

LPS instillation Sph-24a ▼ ▼ Lin et al. (2011)

LPS i.p. SphK1 ko ~ Bachmaier et al. (2012)

LPS i.t. SphK1 ko ~ ~ Wadgaonkar et al. (2009)

T/HS SKI2b ▼ Lee et al. (2004)

LPS i.t. S1P i.t. ▼/ ◄► ▼ ◄► Wadgaonkar et al. (2009),

Szczepaniak et al. (2008)

LPS i.t. S1P i.v. ▼/ ◄► ▼ ~ Peng et al. (2004),

McVerry et al. (2004)

LPS i.t. SEW 2871c i.t. ▼ Sammani et al. (2010)

LPS i.t. SEW 2871c i.v. ▼ ▼ Sammani et al. (2010)

LPS i.t. S1P1
+/� ◄► Sammani et al. (2010)

LPS i.t. S1P2
�/� ◄► ▼ Sammani et al. (2010)

LPS i.t. S1P3-knockdown ▼ Sammani et al. (2010)

LPS i.t. S1P lyase+/�, THId ▼ ▼ Zhao et al. (2011)

Bleomycin AUY954c ~ ~ Shea et al. (2010)

Pancreatitis S1P ▼ ▼ Liu et al. (2008)

Brain death SEW2871c ▼ ▼ Sammani et al. (2011)
aNSMase inhibitor
bSphingosine kinase inhibitor
cS1P1-receptor agonist
dS1P lyase inhibitor
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blocks chemotaxis, in Sphk1-deficent mice, neutrophilic inflammation was

increased with or without LPS challenge (Bachmaier et al. 2012; Wadgaonkar

et al. 2009). In that latter study, the findings were also explained by the newly

described S1P-dependent upregulation of the complement scavenger receptor C5L2

(Bachmaier et al. 2012).

In summary, the majority of the findings on the role of S1P and neutral

sphingomyelinase in ARDS can be explained by taking into account their effects on

chemotaxis and neutrophil apoptosis. It is noteworthy that in most studies the data on

neutrophil sequestration correlate well with indices of vascular permeability. How-

ever, there are also differences as is illustrated by studies with S1P administration in

the LPS model (Wadgaonkar et al. 2009; Peng et al. 2004) and with imipramine in the

lavage model (von Bismarck et al. 2008), where there were pronounced effects on

permeability but only small effects on BAL neutrophils. In the next chapter we will

discuss the role of sphingolipids in regulation of vascular permeability in ARDS.

3.2 Vascular Endothelial Permeability

Increased vascular permeability is the hallmark of ARDS. It is frequently associated

with leukocyte transmigration, but can also be regulated independently.

Sphingolipids play a critical role in the regulation of endothelial permeability in

the pulmonary vasculature, and again, S1P and ceramide act antithetically:

ceramide weakens and S1P strengthens barrier functions in the lungs.

3.2.1 Acid Sphingomyelinase

A Role for Apoptosis?

In one of the first studies to implicate ASMase in acute lung injury, Haimovitz-

Friedman and coworkers demonstrated increased numbers of TUNEL-positive endo-

thelial cells in LPS-treated animals, a finding that was explained by the production of

TNF and subsequent ASMase-dependent ceramide production (Haimovitz-Friedman

et al. 1997). These findings suggested that endothelial cell apoptosis might be a

mechanism of increased vascular permeability in acute lung injury. However,

subsequent studies, which are summarized in Fig. 2, demonstrated that while ASMase

is indeed involved in ARDS, this mechanism operates independently of endothelial

cell apoptosis. Treatment with the pan-caspase inhibitor Z-VAD, at a concentration

that was effective against liver apoptosis (Kunstle et al. 1997), had no effect against

LPS-induced edema formation, while D609, an agent that blocks ceramide synthesis

in this model, was protective (Fig. 2). In addition, the ceramide-induced hyperper-

meability of endothelial cells in culture is also independent of apoptosis (Lindner

et al. 2005; Uhlig et al. 2005). Furthermore, the finding that LPS-induced edema

in vivo is dependent on PAF (Fig. 2) argues against a role of apoptosis in this process,

because PAF acts within 10 min, which is too short for apoptosis. And finally, all
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these findings are reconciled by the observation that PAF increases vascular perme-

ability by an ASMase-dependent process (Goggel et al. 2004).

Organization of Lipid Microdomains and Caveolae

Most of the mechanistic insights of how the ASMase promotes increased vascular

permeability come from studies with PAF (Fig. 3). PAF causes pulmonary edema

by a dual mechanism: one part of the edema depends on activation of cyclooxygen-

ase and the other part on the activation of ASMase (Uhlig et al. 2005). The case for

ASMase in PAF-induced edema formation is strong: ASMase deficiency (Goggel

et al. 2004), inhibition of the ASMase activity by ARC039 (Yang et al. 2010b; Roth

et al. 2009), promotion of ASMase degradation by imipramine (Goggel et al. 2004;

Yang et al. 2010b), inhibition of ASMase activation by D609 (Goggel et al. 2004;

Yang et al. 2010b), and antibodies against ceramide (Goggel et al. 2004) do all

attenuate pulmonary edema induced by PAF. Within less than 10 min, PAF leads to

increased ASMase activity in caveolae, which is prevented by imipramine (Yang

et al. 2010b). The fact that imipramine simulates proteolysis (Hurwitz et al. 1994)

raises the possibility that ASMase is transferred to the caveolae by exocytotic

Fig. 2 LPS-induced edema formation is independent of apoptosis. Mice were treated with 10mg/kg

i.p.LPS. 30 min before LPS the animals were treated with 10 mg/kg of the pan-caspase inhibitor

Z-VAD-FMK, with 5 mg/kg of the PAF-receptor antagonist WEB2086 or with 40 mg/kg D609.

Because of its short half-life the animals received D609 also 30 min, 60 min and 120 min after the

LPS challenge. Evans Blue extravasation was assessed as described (Goggel et al. 2004). The D609

data are from Goggel et al. (2004), the WEB2086 data from Falk et al. (1999). Controls, n ¼ 21;

LPS, n ¼ 15; Z-VAD/LPS, n ¼ 6; D609/LPS, n ¼ 5. *p < 0.05 vs. controls
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Fig. 3 The central role of ASMase in PAF-induced edema. PAF triggers rapid (<10 min) recruit-

ment of ASMase, probably from the lysosomes to endothelial caveolae. ASMase produces ceramide

which is responsible for the subsequent recruitment of caveolin-1, eNOS, and TRPC6 channels into

caveolae. The inhibition of eNOS by caveolin-1 stops endothelial NO production that normally

blocks TRPC6 channels. The recruitment and activation of TRPC6 increases endothelial [Ca2+]i and

[Na+]i and stimulates additional [Ca2+]i increase through voltage-gated calcium channels. The

sudden drop in endothelial NO together with the rapid increase of endothelial [Ca2+] activates the

myosin light chain kinase (MLCK) causing endothelial cell contraction and hyperpermeability.

Interventions that blocked the various steps are shown in green. The cartoon is largely based on

the references (Goggel et al. 2004; Yang et al. 2010b; Samapati et al. 2012). The panels a–e give
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lysosomes, as has been described in the case of FasL (Jin et al. 2008). In line with

such a mechanism, it was observed that the ASMase activity in caveolae from

imipramine-treated lungs is even below baseline levels in unstimulated lungs (Yang

et al. 2010b).

The mechanism of how PAF stimulates the rapid recruitment and activation of

ASMase is unknown, but remarkably enough this process is blocked by steroids by

a mechanism that owing to its rapidity must be independent of transcriptional

effects (Goggel et al. 2004; Yang et al. 2010b). In addition, the effects of D609 in

the PAF model indicate involvement of the PC-PLC (Schutze et al. 1992).

For several reasons it appears likely that the newly recruited ASMase is

localized to the extracellular leaflet of the plasma membrane (1) 90 % of its

substrate sphingomyelin are in the outer leaflet (Ohanian and Ohanian 2001);

(2) PAF increases extracellullar ASMase activity (Goggel et al. 2004); and

(3) anti-ceramide antibodies that cannot enter the cells block PAF-induced edema

(Goggel et al. 2004). The newly recruited ASMase then generates ceramide inside

lipid rafts or caveolae (Jin et al. 2008), which in turn leads to the recruitment of

caveolin-1, eNOS, and TRPC6 channels into caveolae (Yang et al. 2010b; Samapati

et al. 2012). While the interaction between ceramide and caveolin-1 remains poorly

characterized, caveolin-1 itself binds eNOS (Yang et al. 2010b) and

co-immunoprecipitates with TRPC6 (Samapati et al. 2012).

Under normal conditions there are always some TRPC6 channels inside caveolae

that however are kept largely dormant by NO, probably by phosphorylation through

PKG (Samapati et al. 2012). When caveolin-1 is now recruited to the caveolae, this

immediately inhibits eNOS activity by a well-described interaction (Michel et al.

1997; Ju et al. 1997; Garcia-Cardena et al. 1997; Parton and Simons 2007). Once

NO production ceases, this removes the brake from TRPC6 channels that are now

free to let calcium pass and probably sodium as well. At the same time further

TRPC6 channels are recruited and let in more calcium. As a result, the cell is

depolarized and voltage-gated calcium channels let in additional calcium (Samapati

et al. 2012). The increased calcium then activates the myosin light chain kinase,

leading to contraction of endothelial cells and a rapid increase in vascular perme-

ability (Goggel and Uhlig 2005).

Fig. 3 (continued) experimental evidence obtained in isolated perfused lungs for the critical role

of ASMase. Panel a: Enzymatic activity of acid sphingomyelinase in caveolar fractions of

endothelial cells (Yang et al. 2010b) from lungs treated with PAF or imipramine/PAF.

(b) Immunoblot against caveolin-1 in endothelial caveolae from lungs treated with PAF or

imipramine/PAF (Yang et al. 2010b). (c) Endothelial [Ca2+]i in response to PAF in ASMase-

deficient mice (Samapati et al. 2012). (d) Endothelial NO concentrations in response to PAF in

ASMase-deficient mice (Kuebler et al. 2010). (a and b) Rat lungs were infused with a bolus of

5 nMol PAF and pretreated with imipramine 10 min before PAF administration. Data are presented

as mean � SD, n ¼ 4. *p < 0.05 vs. control. (c and d) mouse lungs were infused with a bolus of

5 nMol PAF, the arrow indicating where PAF was added. Data are presented as mean � SEM,

n ¼ 5. *p < 0.05 vs. ASMase-deficient group

236 S. Uhlig and Y. Yang



In Vivo Studies

The mechanistic data above have been largely worked out by studying the rapid

effects of PAF in the model of the isolated perfused lung. The relevance for the

in vivo situation (see Table 2) was demonstrated in ASMase-deficient mice that

were protected against pulmonary edema induced by intravenous injection of PAF

(Goggel et al. 2004). Moreover, imipramine reduced pulmonary edema in

endotoxemic mice (Yang et al. 2010a) and in piglets where ARDS was induced

by repetitive lavage (von Bismarck et al. 2008). A remarkable finding in the latter

study, where imipramine was given together with surfactant, was that the protective

effect of imipramine was apparent after 24 h, thus indicating that the significance of

ASM is sustained. Similarly, D-myo-Inositol-1,2,6-trisphosphate that was shown to

reduce ASMase activity and subsequent ceramide production was protective in a

clinically relevant 3-hit model that lasted for 3 days (Preuss et al. 2012).

In addition, the beneficial effects of D609, an inhibitor of sphingomyelin synthase

and phosphatidylcholine-specific phospholipase C (Adibhatla et al. 2012), in four

different ARDS models (Table 2), are at least partly explained by the effect of this

drug on the ASMase-dependent ceramide production. This conclusion is

corroborated by the findings that D609 prevented the ASM-dependent synthesis of

ceramide in response to TNF (Schutze et al. 1992), Fas activation (Cifone et al. 1995),

CD5 activation (Simarro et al. 1999), and PAF (Goggel et al. 2004). At present it

cannot be excluded that the beneficial effects of D609 in LPS-induced lung injury are

also related to its effects on sphingomyelin synthase (SMS2) (Anjum et al. 2012).

Of note, not only ASMase but also SMS2-deficient mice are protected against

LPS-induced lung injury (Gowda et al. 2011). This finding would be in line with

the notion that SMS2 is part of homeostatic de novo pathway that maintains the

basal plasma sphingomyelin levels (Tafesse et al. 2007; Li et al. 2007), i.e., the

substrate levels of the ASMase. Involvement of the de novo pathway of

sphingolipids synthesis in the course of LPS-induced lung injury was also

suggested in a recent study showing regulation of ASMase-dependent ceramide

formation by NF-ĸB (von Bismarck et al. 2012), because this transcription factor

regulates a subunit of serine palmitoyltransferase (Sptlc2) (Chang et al. 2011).

Petrache and coworkers suggested that ceramides derived from the Spltc1 isoen-

zyme activity may contribute to the amplification of pulmonary vascular injury

induced by excessive ceramides (Medler et al. 2008). Clearly, the contribution of

the de novo pathway for the regulation of sphingolipids in ARDS remains to be

further defined.

3.2.2 Sphingosine-1-Phosphate

Receptor Diversity

The divergent effects of S1P can be explained on the basis of the five cognate

G-protein-coupled receptors (S1P1–5). Sphingosine-1-phosphate protects the
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endothelial barrier by activation of Rac GTPase-dependent cytoskeletal reorgani-

zation and focal adhesion assembly via S1P1-receptors (McVerry and Garcia 2004,

2005; Wang and Dudek 2009). On the other hand, S1P also impairs adherence

junctions (Sanchez et al. 2007) and increases epithelial (Gon et al. 2005, 2009) and

endothelial permeability (Singleton et al. 2007) via S1P2- or S1P3-receptors

(Table 3). Accordingly, high doses of S1P are associated with increased vascular

permeability and even death (Sammani et al. 2010) (Table 2).

Vascular endothelial cells primarily express S1P1, S1P2, and S1P3 (Hla et al.

2001), and the endothelial barrier function is enhanced by S1P1 but impaired by

S1P2 and S1P3 (Peng et al. 2004; McVerry et al. 2004; McVerry and Garcia 2004;

Spiegel and Milstien 2002). S1P2 triggers the loosening of adherence junctions

(Sanchez et al. 2007). At higher S1P concentrations (5 μM), S1P3 (Shikata et al.

2003; Komarova et al. 2007) increases endothelial and probably also epithelial

permeability (Sammani et al. 2010; Spiegel and Milstien 2002). The signaling

mechanisms involved are discussed in detail in the chapter by Garcia and

colleagues (Abbasi and Garcia 2013).

Studies In Vivo

The majority of studies with S1P in models of ARDS have focused on the remark-

able barrier-stabilizing properties of S1P in the lungs that was first described by

Garcia and colleagues (Garcia et al. 2001). This concept has been fully confirmed in

all subsequent studies in a variety of animal species where ARDS was induced by

stimuli such as LPS, pancreatitis, brain death, or hemorrhagic shock (Table 2). All

these barrier protective actions appear to be mediated by S1P1-receptors as is

exemplified by the finding that the S1P1-receptor agonist SEW-2871 reduced

edema formation in experimental ARDS (Sammani et al. 2010). In addition, mutant

mice that selectively lack S1P in the plasma show increased vascular leak in the

Table 3 Bidirectional regulation of vascular permeability by Sphingosine-1-phosphate

Outcome Receptors G-protein Pathways References

~Endothelial

barrier

S1P1 Gi Rac/Tiam Peng et al. (2004), McVerry

et al. (2004), McVerry and

Garcia (2004), Spiegel and

Milstien (2002)

▼Endothelial

barrier

S1P2 G12/12, Gq Sanchez et al. (2005, 2007),

Inoki et al. (2006)

▼Endothelial

barrier
~NO via eNOS

S1P3 Gq

Gi

Ca, Rho-

kinase

Akt

Sanchez et al. (2007), Singleton

et al. (2007), Peters and

Alewijnse (2007), Takuwa

et al. (2008), Nofer et al. (2004)
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lungs and are more susceptible to stimulation with PAF, a phenotype that can be

reversed by S1P transfusion (Camerer et al. 2009).

S1P2- and S1P3-receptors, in contrast, augment permeability and hence their

genetic deletion reduced edema formation following intratracheal administration of

LPS (Sammani et al. 2010). It is also thought that these receptors are responsible for

the increased permeability that is observed after administration of higher doses of

S1P or SEW2871 (Sammani et al. 2010).

4 Summary

Sphingolipids assume multiple roles in the regulation of neutrophil chemotaxis,

neutrophil apoptosis, as well as endothelial and epithelial barrier functions. Quite

remarkably, each of these functions can be regulated by sphingolipids in an

opposite manner. Therefore, pharmacological interventions that are directed against

sphingolipids need to be highly specific. For instance, despite the fact that S1P is

barrier protective does not only lack of S1P (Bachmaier et al. 2012; Wadgaonkar

et al. 2009; Camerer et al. 2009), but also excessive amounts thereof cause or

aggravate lung injury (Sammani et al. 2010). One way to achieve S1P

concentrations in a beneficial and physiological range may be to inhibit S1P

lyase, the S1P-degrading enzyme (Zhao et al. 2011). The insight that at least

parts of the detrimental effects of S1P are mediated by S1P2- and S1P3-receptors

has led to the development of specific S1P1-receptor agonists such as AUY954 or

SEW2871. The latter drug attenuated edema formation and acute neutrophil influx

into the lungs (Sammani et al. 2010; McVerry et al. 2004). However, because in the

alveolar space S1P is preventing the apoptosis of neutrophils and may thereby

possibly aggravate lung injury, it will be important to study such drugs in long-term

experiments. This need is emphasized by a recent study that showed a massive

aggravation of acute lung injury including elevated neutrophil counts at day 7 in the

bleomycin model by treatment with AUY954 (Shea et al. 2010). This study

highlighted another critical aspect with regard to the therapeutic use of S1P,

namely, the fact that upon engagement S1P-receptors are rapidly internalized thus

causing functional antagonism (Shea et al. 2010).

Alternative targets to S1P-receptors are given by the sphingomyelinase enzymes.

Inhibition of NSMase prevents both neutrophil chemotaxis and apoptosis, which

makes it a more attractive strategy than exogenous S1P with respect to dampening

neutrophil activities in the lungs. So far, however, in experimental ARDS there is

only one study using an inhibitor with a relatively high IC50 value (Lin et al. 2011);

further studies are needed to further clarify this interesting approach.

The role of ASMase in acute lung injury has been explored in greater detail.

Inhibition of this pathway attenuated lung injury not only in response to PAF and LPS

but also in the lavage model, in acid-induced lung injury, and in novel 3-hit model

(Table 2). These data do also suggest that ASMase inhibition is not only protective in

the acute situation but also in models that last for 1–3 days (von Bismarck et al. 2008;
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Preuss et al. 2012). One noteworthy point here is that in all studies, the inhibition of

ASMase attenuated edema formation and—when examined—also hypoxemia but

that the effects on pulmonary neutrophil sequestration were usually moderate. This

might indicate that neutrophil sequestration and edema formation can be separated, as

has been observed before (Chignard and Balloy 2000; Davidson et al. 1999; Miotla

et al. 1996; Ogawa et al. 2006; Wilson et al. 2007; Wosten-van Asperen et al. 2008).

In addition, increased ASMase levels are present in the circulation of septic

patients and correlate with mortality (Claus et al. 2005). In keeping with this, recent

experimental studies suggest that ASMase may have a role in the development of

septic shock, because ASMase-deficient mice were protected against the

TNF-induced alterations in blood pressure and heart rate (Reiss et al. 2012a).

Above we discussed that ASMase is most likely acting at the outer leaflet of the

plasma membrane. Thus, both the circulating as well as the pulmonary ASMase

could be inhibited by drugs that need not enter the cells, which might be an

advantage if one needs to minimize side effects. The extent of such side effects

seems tolerable as may be surmised from patients with Niemann-Pick disease and

other patients treated with imipramine (Uhlig and Gulbins 2008).

To conclude, sphingolipids are involved in nearly all steps of the pathogenesis of

ARDS. These insights suggest a number of interesting pharmacological interventions.

So far, the majority of such studies have focused either on giving exogenous S1P1-

receptor agonists or on inhibiting ASMase. Both approaches have been successful in

preventing edema formation and to a lesser extent also pulmonary leukocyte seques-

tration. However, because the defining factor for ARDS is hypoxemia and because

edema formation does not necessarily translate into hypoxemia [for discussion and

examples, see Reiss et al. (2012b)], the significance of any experimental model is

doubtful unless blood gas data are provided. Those few studies that have examined

blood gases (Table 2) show that both exogenous S1P and ASMase inhibitors can

improve oxygenation and strongly suggest that sphingolipid metabolism offers valu-

able novel therapeutic targets for the treatment of acute lung injury.
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Abstract Chronic obstructive pulmonary disease (COPD) includes a spectrum of

conditions that have in common varying degrees of airflow obstruction, such

as chronic bronchitis and emphysema. There is an increasing evidence of involve-

ment of sphingolipids as key molecular mediators or biomarkers of disease in

emphysema, chronic bronchitis, and more recently in asthma, another disease

characterized by (reversible) airflow obstruction. Given the recognized central

role of oxidative stress and inflammatory stimuli along with involvement of
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immune responses, apoptosis, and tissue remodeling in the development of chronic

obstructive lung diseases, it is not surprising that sphingolipids have been shown to

play important role in their pathobiology. In particular the pro-apoptotic effects of

ceramide were suspected as events in the lung destruction that occurs as a result of

apoptotic loss of structural cells comprising the alveolar walls, such as microvas-

cular endothelial cells and alveolar epithelial cells. In addition, the role of ceramide

was investigated in models of larger airway epithelial cell stress responses to

cigarette smoke, in the context of ensuing airway remodeling and inflammation.

This chapter discusses current evidence of sphingolipid perturbations in experi-

mental models of COPD and relevant links to human disease based on translational

and epidemiological data.

Keywords COPD • Emphysema • Asthma • Chronic bronchitis • Airflow obstruc-

tion • Lung • CFTR • Sphingolipids • Ceramide • Sphingomyelinase • De novo

sphingolipid synthesis • Inflammation • Human • Mouse • Cigarette smoking •

Apoptosis • Autophagy • Senescence • Alveolar macrophage • Endothelial cells •

Epithelial cells

Chronic obstructive pulmonary diseases encompass a spectrum of conditions

that have in common varying degrees of obstruction of airflow in the lungs. The

functional definition of chronic obstructive pulmonary diseases traditionally

includes asthma, chronic bronchitis, and emphysema. While asthma is defined by

reversible airflow obstruction, with normal lung function in-between episodes of

obstructive ventilatory defects, chronic bronchitis and emphysema are considered

irreversible conditions typically included in the clinical diagnosis of chronic

obstructive pulmonary disease (COPD). Significant overlap exists among these

three conditions, and furthermore, some patients with COPD clinical features do

not manifest obstructive functional defects on pulmonary function tests. The clini-

cal heterogeneity along with a lack of satisfactory therapeutic options for COPD led

to ongoing research to better characterize and understand COPD. In this chapter, we

will briefly introduce the clinical aspects of the lung diseases covered and highlight

discoveries from published data revealing involvement of sphingolipids as key

molecular mediators or biomarkers of disease in emphysema, chronic bronchitis,

and asthma, highlighting the progress and potential applications but also the

challenges facing their immediate implementation in clinical care.

1 Introduction into the Pathogenesis of Chronic Obstructive

Diseases of the Lung

While asthma is a disease of all ages and may be associated with atopy, chronic

bronchitis and emphysema are found almost exclusively in adults and are frequently

associatedwith cigarette smoking or exposure to other sources of combustive smoke.
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Both asthma and COPD are common conditions with increasing prevalence not only

in developed countries but worldwide. Unfortunately, COPD has now become a

societal burden, with significant morbidity, healthcare and productivity costs, and

increasing mortality, surpassing stroke as the third cause of death in the USA.

The pathophysiology of chronic obstructive lung diseases includes distinct and also

several overlapping mechanisms explaining the development of lung pathology as well

as systemic comorbidities (Tuder and Petrache 2012b). A comprehensive review of these

pathogenic mechanisms is beyond the scope of this chapter. Briefly, in susceptible

individuals, chronic cigarette smoke exposure triggers oxidative and endoplasmic reticu-

lum stress responses, loss of epithelial and endothelial barrier function, structural cell

apoptosis, and impairment of apoptotic cell clearance by specialized phagocytes,

autophagy, and inflammatory lung responses. In the case of chronic bronchitis, such

cellular processes lead to increased mucus production, decreased airway clearance,

airway wall inflammation, bronchoconstriction, and airway remodeling, which culminate

in chronic cough, airflow obstruction, and increased propensity for exacerbations due to

viral or bacterial respiratory infections. Patients with chronic bronchitis may go on to

develop pulmonary hypertension and cor pulmonale, as well as impaired ventilation with

carbon dioxide retention and respiratory acidosis. In those who develop emphysema,

while the airway changes described abovemay be present in various degrees, there is also

marked destruction of distal airspaces and terminal bronchioles, with matrix proteolysis

and loss of alveolar surface available for gas exchange and a loss of elastic recoil of the

lung with increased lung compliance and air trapping. These patients become hypoxic

and may also develop cor pulmonale as well as chronic respiratory insufficiency, leading

to death. COPD patients have important comorbidities in addition to cor pulmonale,

including cachexia or severe weight loss and muscle atrophy; various degrees of bone

marrow dysfunction, depression, anxiety; and an increased risk of lung cancer and

cardiovascular diseases (Barnes and Celli 2009). Finally, in asthma, the airway inflam-

mation, bronchoconstriction or bronchial hyperreactivity, and mucus hypersecretion lead

to episodic airflow obstruction triggered by exposure to allergic stimuli, viral infections,

or other airway irritants. In some, the disease progresses to irreversible phenotypes, with

airway remodeling and persistence of functional and clinical symptoms (Wenzel 2012).

Given the recognized central role of oxidative stress and inflammatory stimuli

along with involvement of immune responses, apoptosis, and tissue remodeling in

the development of chronic obstructive lung diseases, it is not surprising

sphingolipids have been shown to play important role in their pathobiology.

2 The Role of Sphingolipids in COPD

The central role of sphingolipids as second messengers and important mediators of

oxidative stress, apoptosis, cell growth, and proliferation led to investigations into

their involvement in cell stress responses to cigarette smoke exposure of the lungs. In

particular, the pro-apoptotic effects of ceramide were suspected as events in the lung

destruction that occurs as a result of apoptotic loss of structural cells comprising the

The Involvement of Sphingolipids in Chronic Obstructive Pulmonary Diseases 249



alveolar walls. Most studies that investigated ceramide in this context addressed the

apoptosis of capillary or microvascular endothelial cells and alveolar epithelial cells.

In addition, the role of ceramide was investigated in models of larger airway

epithelial cell stress responses to cigarette smoke, in the context of ensuing airway

remodeling and inflammation. We will review the current evidence of sphingolipid

perturbations in response to cigarette smoke in experimental models of COPD and

relevant links to human disease based on translational and epidemiological data.

2.1 Sphingolipid Involvement in Emphysema Development

The disruption of the balance between apoptosis and replenishment of structural

cells in the lung is considered a major mechanism of destruction of lung tissue in

response to cigarette smoke (Henson et al. 2006; Kasahara et al. 2000; Tuder and

Petrache 2012a). In a murine model of apoptosis-dependent emphysema induced by

blockage of vascular endothelial growth factor (VEGF) signaling, the lung

exhibited marked increases in ceramides (Petrache et al. 2005). Furthermore, direct

exposure to CS increased ceramides in cultured lung cells (Petrache et al. 2005),

mouse lungs (Petrache et al. 2008), and in the lung tissue and acellular

bronchoalveolar fluid of individuals who actively smoke (Petrache et al. 2005;

Petrusca et al. 2010). The notion that ceramides play an important role in the

pathogenesis of COPD was suggested by evidence that ceramide upregulation in

the lungs was responsible for both alveolar cell apoptosis and oxidative stress,

therefore amplifying lung destruction and being causal elements in the development

of airspace enlargement (Petrache et al. 2005). Direct intratracheal instillation of

ceramide in the lungs recapitulated the phenotype of the VEGFR blockade and

caused oxidative-stress-dependent apoptosis of lung structural cells in mice

(Petrache et al. 2005, 2008). The mechanisms by which VEGFR blockade

upregulated ceramide in the lung are not yet well established but are known to

include activation of both the de novo and the ASMase ceramide synthesis

pathways (Petrache et al. 2005, 2008), which may be activated as part of the stress

response which includes both deprivation of lung endothelial cell survival factors

(Chavakis and Dimmeler 2002) and oxidative stress. While the requirement of

ceramide synthesis in cigarette smoke-induced emphysema remains to be

demonstrated, ceramides are increased in the lungs of mice after 4 weeks of

intermittent cigarette smoke exposure (Petrache et al. 2008), a timepoint which

precedes the development of morphological changes of emphysema that typically

occur after 4–6 months of exposure. Interestingly, dihydroceramides were also

increased by cigarette smoke, suggesting activation of the de novo pathway of

ceramide synthesis as a potential mechanism of initial ceramide upregulation

following chronic smoke exposure in mice. Overall, the published evidence

implicates abnormal increases in ceramides as a pathogenic link of airspace

destruction in emphysema as well as potential hubs of amplification self-synthesis

and, more importantly, of injury mechanisms such as oxidative stress, apoptosis,

and inflammation. Such self-augmentation loops when fully engaged may
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overcome endogenous repair and may explain the relentless tissue destruction in

emphysema, which progresses even after cessation of cigarette smoke exposure.

2.2 Ceramide-Induced Self-Amplification of Synthesis
in the Lung

Two main lines of evidence support the notion of self-amplification of ceramide

synthesis in the lung. First, intratracheal ceramide instillation induced a positive

feedback of ceramide synthesis, allowing for amplification of apoptosis and lung

destruction (Petrache et al. 2008). While the method of adding ceramides into the

lung is not physiological, we measured increased extra- or paracellular ceramides in

the lungs (Petrusca et al. 2010) and plasma of smokers, likely as part of

microparticles or bound to proteins. Secondly, administration of ceramide

antibodies attenuated VEGF blockade-induced apoptosis in the lung (Petrache

et al. 2005), suggesting extra- or paracellular ceramide may be biologically active

and may exert pro-apoptotic effects in the lung. Interestingly, the endogenous

ceramide species synthesized following exogenous ceramide instillation were

associated with significant activation of lung acid sphingomyelinase (ASMase)

activity, suggesting sphingomyelin breakdown as a source of amplified endogenous

ceramide production (Petrache et al. 2008) as previously indicated by experiments

in ASMase-deficient human fibroblasts derived from individuals with Niemann-

Pick disease (Petrache et al. 2005). These findings support the presence of active

paracellular ceramide pools, potentially generated from plasma membrane

sphingomyelin through a ceramide-triggered positive feedback mechanism.

2.3 Ceramide-Induced Oxidative Stress Amplification in the Lung

Oxidative stress plays a major role in emphysema development and pathophysi-

ology (Rahman et al. 1996). Oxidative stress can be induced by cigarette smoke

itself, since it contains abundant free radicals, or can result from activated or

injured inflammatory and structural lung cells, respectively. There is a mutual

connection between lung oxidative stress and apoptosis and alveolar destruction

in the lung, as shown by studies using antioxidants in the VEGF receptor

blockade (Tuder et al. 2003b), or in the chronic cigarette smoke exposure

(Foronjy et al. 2006) models. At the cellular level, a mutual connection between

oxidative stress and ceramide production in the induction of apoptosis has long

been recognized (Pettus et al. 2002), where ceramides induced reactive oxygen

species (ROS) directly by altering mitochondrial function (Andrieu-Abadie et al.

2001; Quillet-Mary et al. 1997) or indirectly by inactivating antioxidant enzymes

such as catalase (Iwai et al. 2003). These findings indicated a potentially complex

cross talk between ceramides and oxidative stress in the development of lung
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injury emphysema. Such a mutual interaction was demonstrated using transgenic

overexpression of the antioxidant enzyme Cu/Zn SOD which was protected

against ceramide-initiated lung damage, suggesting that ceramide induces

redox-dependent cell death and alveolar enlargement (Petrache et al. 2008).

Furthermore, ceramide upregulation after airway instillation of bioactive synthetic

ceramide inhibited SOD activity, subsequently causing increased oxidative stress

in the lung. In turn, the oxidative stress directly contributed to caspase activation

and alveolar space enlargement as documented by the protective effects of

overexpressing Cu/Zn SOD in mice. This study also showed that ASMase

activation in the lung is redox dependent, implicating oxidative stress both

upstream of ceramide amplification and downstream, as a pathological mediator

of alveolar enlargement caused by increased lung ceramides.

In the context of cigarette smoke exposure, an important interplay between

oxidative stress and ceramide production has been noted during one of the earliest

changes induced by cigarette smoke, that of lung alveolar barrier dysfunction.

Previous reports have documented that CS increases epithelial cell permeability

(Rusznak et al. 2000; Burns et al. 1989) in an oxidative stress-dependent manner

(Li et al. 1996; Serikov et al. 2006). Whereas breaches of the epithelial barrier may

induce wound-repair inflammatory responses, disruption of the endothelial barrier

may directly increase the access of circulating proteins, plasma, and inflammatory

cells to the interstitium and alveolar spaces. CS and its highly diffusible oxidative

free radicals may also directly injure endothelial cells in an oxidative stress- and

also ceramide-dependent manner (Schweitzer et al. 2011). Interestingly, the

ceramides responsible for the breach induced by CS in the rat lung endothelial

barrier were produced as a result of oxidative-stress-induced neutral SMase activa-

tion (Fig. 1). This mechanism is similar to that reported in large epithelial cells
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exposed to CS, in which the ceramide upregulation via neutral SMase was respon-

sible for cell death (Levy et al. 2009). In lung endothelial cells, however, neutral

SMase-generated ceramides activated the cytoskeleton and disrupted cell–cell

junctions, in part via Rho kinase activation, independent of pro-apoptotic effects.

At high ceramide concentrations, this effect culminated in edema formation in the

intact animal, consistent with earlier reports implicating ASM-generated ceramide

as a mediator of platelet-activating factor induced pulmonary edema in a pump-

perfused mouse lung preparation (Goggel et al. 2004; Kuebler et al. 2010). How-

ever, at low concentrations, ceramide, similar to cigarette smoke exposure, induced

subtle changes in the alveolo-capillary barrier which may render endothelial cells

more susceptible to edemogenic effects of subsequent injuries associated with acute

respiratory distress syndrome (ARDS) and may independently contribute, over

time, to chronic inflammatory changes associated with COPD.

2.4 Death and Survival Signaling Induced by Sphingolipids
in COPD

2.4.1 Ceramides and Lung Apoptosis

For more than a decade, it has been recognized that alveolar cell apoptosis is

mechanistically involved in emphysema development (Kasahara et al. 2000;

Rangasamy et al. 2004; Tuder et al. 2003a, b), accounting for the unique nature

of alveolar septal destruction when compared with other lung diseases also

characterized by inflammation and increased matrix proteolysis. Similar to caspase

inhibition, interventions aimed at normalizing the lung ceramide content signifi-

cantly ameliorated lung alveolar cell apoptosis (Petrache et al. 2005). In turn, direct

intratracheal instillation of ceramides in mice increased total lung ceramide levels

in a dose-dependent manner and was associated with increased lung alveolar cell

apoptosis (Petrache et al. 2005). However, it is important to point out that excessive

inhibition of ceramide synthesis such as with high doses of fumonisin B1 also

increased lung cell apoptosis and even caused airspace enlargement, emphasizing

the notion that it is the homeostasis of ceramides and/or their metabolites that is

required for proper lung structure maintenance, and abnormally low ceramide

levels may actually be detrimental.

In many experimental models, including cultured pulmonary cells and in the

VEGF receptor blockade model of emphysema, ceramides were accumulated

upstream in the apoptosis pathways, preceding caspase-3 activation (Petrache

et al. 2005; Ravid et al. 2003; Sawada et al. 2002; Tepper et al. 1997). Both SMases

and de novo pathways of ceramide synthesis have been implicated in augmentation

of pro-apoptotic ceramides in lung cells in response to various stimuli relevant to

COPD, such as oxidative stress, cigarette smoking, or TNF-α (Medler et al. 2008)

(Fig. 1). In this context of increased inflammatory mediators such as TNF-α,
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ceramides facilitate pro-apoptotic TNF-α effects on its receptor (Tchikov et al.

2011). In addition, ceramides may activate caspase-independent apoptotic

pathways (Thon et al. 2005), involving mitochondria plasma membrane depolari-

zation and release of pro-apoptotic factors. It is becoming clear that the mechanism

of apoptosis induction by ceramides appears to depend on the species, cell type,

context, and the ceramide molecular species involved. While some of these path-

ways have been elucidated in murine models and human cell lines, more studies are

needed to determine this specificity in the context of cigarette smoke-induced lung

damage in primary human lung cells in culture and ideally in situ. It has been

reported that endothelial cells are particularly susceptible to ceramide-dependent

apoptosis (Haimovitz-Friedman et al. 1997) and themselves contain very high

levels of ASMase and ceramides. These findings, together with indications that

excessive lung microvascular endothelial cell apoptosis is sufficient to cause

emphysema-like disease (Giordano et al. 2008; Taraseviciene-Stewart et al.

2005), explain why many studies in the field have been focused on endothelial

cells. Nevertheless, it is not known in humans or even in mouse models what is the

relative importance of cell type-specific apoptosis in emphysema development. It is

likely that cell death of either epithelial or endothelial cells or their supporting

fibroblasts in the alveolar septum could trigger events that culminate in airspace

enlargement. Analyzing the cell type-specific sensitivity to sphingolipid-induced

cell death, we found that ceramide instillation in mice lungs triggered apoptosis of

both type II alveolar epithelial cells and endothelial cells (Kamocki et al., 2012, in

press). Ongoing work in our lab indicates that both human primary lung epithelial

and endothelial cells undergo apoptosis when exposed to ceramides, although to

lesser degree than murine cells.

2.4.2 Ceramides and Lung Autophagy

Autophagy occurs in most cells at a basal rate where it acts as a cytoplasmic quality

control (QC) mechanism to eliminate protein aggregates, damaged organelles, and

other non-active structures such as ROS and stressed ER (Komatsu et al. 2007;

Mehrpour et al. 2010). The role of autophagy in human diseases is less clear, as it

has been associated with both protective and detrimental consequences. COPD lung

specimens exhibit increased markers of autophagy, which are evoked in response to

cigarette smoke exposure, in vitro and in vivo (Kim et al. 2008; Ryter et al. 2010),

possibly as part of the stress response. Ceramides have been shown to induce a

similar stress by mimicking a state of amino acid deprivation, which may explain

the induction of autophagy upon ceramide treatment. The relevance of this mecha-

nism to ceramides upregulated by cigarette smoking remains to be determined.

However, an interesting link between CS exposure and autophagy/apoptosis of lung

cells has been established via a direct correlation between decreased cystic fibrosis

transmembrane receptor (CFTR) expression and emphysema through increased

ceramide accumulation. CFTR is a chloride channel and ATP family transporter

which is essential for the function of airway lung cells, as learned from the common
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genetic condition caused by CFTR dysfunction, cystic fibrosis. Interestingly,

cigarette smoke can directly inhibit CFTR function which facilitates ceramide

accumulation by regulating membrane ASMase activity and/or intracellular pH

(Bodas et al. 2011; Noe et al. 2009; Teichgraber et al. 2008). In addition to

ceramide-assisted formation of signaling platforms that are required for activation

of the apoptotic cascade (Miyaji et al. 2005), membrane CFTR was required for

proper autophagy responses to cigarette smoke. In the absence of CFTR,

dysregulated autophagy was associated with accumulation of damaged proteins

triggered by CS exposure, and increased apoptosis (Bodas et al. 2011).

2.4.3 Sphingolipids and Lung Cell Survival

Given the multiple pathways of ceramide upregulation in response to stress and the

multiple metabolites that depend on homeostatic ceramide levels, it may be difficult

to inhibit its production in a clinical setting. Given that one of the most studied

ceramide metabolites, sphingosine-1-phosphate (S1P), has potent pro-survival

effects, a strategy to effectively inhibit the pro-apoptotic effect of ceramide has

been to rebalance the sphingolipid homeostasis (improving the sphingolipid rheo-

stat) (Payne et al. 2002) by increasing S1P levels (Osawa et al. 2005). S1P has

complex mechanisms of actions, many explained by ligation of G-protein-coupled

S1P receptors (S1P1–S1P5), of which of particular interest is the S1P1 receptor that

exerts anti-apoptotic actions in vascular cells (Bonnaud et al. 2007). Augmentation

of S1P signaling in the VEGFR blockade model of emphysema attenuated lung cell

apoptosis and airspace enlargement (Diab et al. 2010), supporting the notion that

the effect of high levels of ceramides may be antagonized by increasing S1P

signaling.

2.5 Role of Sphingolipids in Alveolar Macrophage Dysfunction
in COPD

The clearance of apoptotic cells is normally promptly and efficiently executed via a

highly dynamic and regulated engulfment process of central importance for tissue

homeostasis (Henson et al. 2001). One mechanism postulated to link apoptosis and

inflammation in lung emphysema pathology is a defect in clearance of apoptotic

cells in the lung. An impairment of apoptotic cell phagocytosis (known as

efferocytosis, to differentiate it from bacterial phagocytosis) primarily carried out

by specialized phagocytes such as alveolar macrophages may explain the increased

detection of apoptotic cells in emphysema lungs (Henson et al. 2001). Another

important consequence of impaired efferocytosis is that non-engulfed apoptotic

cells may undergo secondary necrosis with ensuing inflammation. Furthermore,

efferocytosis differs from classical phagocytosis by being actively involved in a
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protective anti-inflammatory response (Ravichandran and Lorenz 2007). Smoking

impairs efferocytosis and alveolar macrophages from COPD patients who exhibit

defective efferocytosis (Hodge et al. 2003, 2007). Alveolar macrophages exposed

to cigarette smoking exhibit increased ceramide levels, and ceramides or sphingo-

sine, similar to cigarette smoke, dose-dependently impairs AM efferocytosis

(Petrusca et al. 2010). Moreover, CS-induced efferocytosis impairment is in large

part explained by an upregulation of acid ceramidase which causes endogenous

sphingosine accumulation, which, in turn, affected the plasma membrane recruit-

ment of an important effector of cytoskeletal actin remodeling, the Rac1 GTPase, a

dynamic process required for engulfment. These data suggested that ceramides and

their metabolite not only cause alveolar structural apoptosis but also impair the

clearance of these apoptotic bodies by specialized phagocytes, which may contrib-

ute to lung inflammation despite an apoptotic rather than necrotic primary form of

death of structural lung cells (Fig. 1).

2.6 Sphingolipid Responses in Hypoxic Lungs

Alveolar hypoxia and consequent hypoxemia are late effects of severe COPD. The

key driver of lung hypoxia is the ventilation/perfusion mismatch resulting from

progressive airflow limitation and loss of alveolar surface area. Uncorrected chronic

hypoxemia is associated with the development of adverse sequels of COPD,

including pulmonary hypertension, secondary polycythemia, systemic inflamma-

tion, and skeletal muscle dysfunction (Kent et al. 2011). Hypoxia elicits diverse and

insufficiently understood effects on lipid metabolism, including modulation of lipid

second messengers, such as ceramides. Both de novo ceramide synthesis (Kang

et al. 2010) and sphingomyelinase-mediated ceramide production (Cogolludo et al.

2009) have been reported in the activation of ceramide responses to hypoxia in

addition to an inhibition of the intracellular ceramide transport during oxygen

deprivation (Kendler and Dawson 1992), depending on the cell type and the injury

type (ischemia versus hypoxia). Cellular sensing of hypoxia involves a rapid

upregulation of DHC in a non-transcriptional, dose-dependent but hypoxia induc-

ible factor (HIF)-independent manner that may in turn regulate the cell proliferation

response to low oxygen tension (Devlin et al. 2011). While this effect may diminish

levels of intracellular ceramides with possible protective effects, the marked

increases in DHCs may not be inconsequential, as they may exert biological effects,

which are distinct from those of ceramides (Crowder 2009). Indirect augmentation

of DHCs either by siRNA blockade of DEGS1 or DEGS2 or direct treatment with

DHC decreased cell proliferation (Devlin et al. 2011) (Fig. 1). Additionally, DHCs

may actively preserve cell viability by increasing autophagy (Signorelli et al. 2009)

during conditions of low oxygen tension.
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3 Chronic Bronchitis

Chronic bronchitis is a clinical diagnosis, primarily based on the presence of chronic

cough. In this chapter we will focus on the chronic bronchitis syndrome associated

with COPD or exposure to cigarette smoking, excluding chronic bronchitis due to

cystic fibrosis, which is covered elsewhere. From a pathophysiology standpoint,

however, there may be significant overlap, since, as discussed above, it has been

shown that cigarette smoking impairs the expression of CFTR, a protein whose

genetically determined abnormalities are the cause of cystic fibrosis. It is therefore

conceivable that the paradigms of sphingolipid involvement in CF apply to a certain

extent to the pathogenesis of chronic bronchitis induced by cigarette smoking or other

pollutants that may impair CFTR expression and/or function. A recent study com-

pared the ceramide content of lower airway epithelium in CFwith that in emphysema,

pulmonary hypertension, or unused lungs from transplant donors, free of pathology

(Brodlie et al. 2010). Both emphysema and CF lungs exhibited increased ceramide

immunostaining in the epithelium of the lower airway compared to non-diseased

lungs, but relative to CF airways, emphysema airways had less striking ceramide

elevations in these regions of the lung. In all lungs, there was a correlation between

epithelial ceramide expression and markers of neutrophil inflammation. While it is

tempting to speculate that the ceramide content of airway epithelium may correlate

with the degree of CFTR dysfunction, it is notable that all CF lungs had Pseudomonas
aeruginosa colonization, whereas only 50 % of emphysema lungs did; however,

airways from chronic bronchitis forms of COPD were not included. In addition to

findings implicating increased ceramides in its pathogenesis, the S1P signaling may

also have a role in the inflammatory manifestations of COPD such as chronic

bronchitis. In a recent report based on lung tissue from COPD patients who presented

for lung cancer biopsies, the authors measured significantly decreased S1PR5 expres-

sion in these lungs and a potentially important cross talk between sphingosine kinase

activity producing S1P and S1P receptors that respond to S1P in the lung (Cordts et al.

2011). However, correlations with COPD phenotype or with topographical

differences in expression (large airway versus parenchyma) remain to be established.

Overall, these studies encourage future investigations in the role of ceramides

and its metabolites not only in airway remodeling and aberrant mucous production,

both central components of chronic bronchitis pathology, but also in the risk for

bacterial colonization, an important determinant of COPD exacerbations which

have an enormous impact on disease morbidity.

4 Sphingolipid Involvement in Asthma

Asthma is a Th2-driven inflammatory lung disease that leads to bronchial narrowing

from increased mucus production, airway smooth muscle hyperreactivity and con-

traction, inflammatory cell accumulation, and airway wall remodeling (Jackson
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et al. 2011; Szefler and Dakhama 2011). Asthma has complex pathogenesis that

underlies several clinical phenotypes, and despite major advances, it remains

incompletely understood. Sphingolipids have been implicated in several aspects

of asthma pathogenesis, ranging from modulation of inflammatory cell function,

smooth muscle contractility, and airway remodeling to susceptibility of disease.

Glycoceramides have been shown to be ligand activators of invariant natural killer

T (CD1d-restricted NKT) cells, being presented via the CD1d molecule on antigen-

presenting cells. Their importance in asthmatic responses has been recently studied

by several groups. In naı̈ve (non-sensitized) mice, alpha-galactosylceramide instil-

lation via the nose but not via intravenous administration induced severe airway

hyperreactivity in an NKT-dependent manner (Akbari et al. 2010; Chuang

et al. 2011). Interestingly, repeated administration of alpha-galactosylceramide

attenuated the subsequent capability of NKT cells to induce airway hyperreactivity

and led to reduced levels of airway inflammation and airway hyperreactivity,

suggesting a titration effect on NKT activation which is directly related to

subsequent functional responses (Meyer et al. 2006). However, there was augmen-

tation of eosinophilic inflammation noted in allergic mice injected with alpha-

galactosylceramide before immunization. These findings raise concern that the

use of alpha-galactosylceramide as a vaccine adjuvant may have untoward effect

of increased allergic inflammation in predisposed individuals. When alpha-

galactosylceramide was administered following sensitization, on the first day of

allergen challenge, it attenuated the airway allergic inflammation (Matsuda et al.

2005). In a similar murine model of ovalbumin-induced bronchoreactivity, intrana-

sal treatment with beta-glucosylceramide decreased bronchial reactivity to

ovalbumin challenge and decreased inflammatory airway responses to a similar

extent as steroids and was associated with T cells trapping in the liver (Horani et al.

2011). Intriguingly, Chuang et al. (2011) administered intranasally alpha-

galactosylceramide in a similar model of ovalbumin-induced allergic asthma with

distinct results (Chuang et al. 2011). It has been indeed noted that the fashion and

timing of alpha-galactosylceramide are important determinants of its ultimate

effects during murine allergic responses (Iwamura and Nakayama 2007). This

study reveals that the role of glycoceramides as a therapeutic intervention in asthma

deserves further investigations, including precise dose responses and expansion to

other asthma models. In addition, while suggesting an interesting cross talk between

the liver and lung T cell trafficking and opportunities of NKT manipulations in the

asthma treatment, these studies did not address the role of endogenous

glycoceramides and other sphingolipid metabolites in the pathogenesis of asthma.

Their complex involvement is suggested by several studies in which inhibition of

enzymes leading to multiple glycosphingolipid metabolites was associated with a

protective effect in the ovalbumin asthma model, primarily linked to inhibition of

mast cell degranulation (Karman et al. 2010). Similarly, inhibition of ceramide

synthase with fumonisin B1 inhibited allergic airway responses and airway inflam-

mation which was associated with epithelial cell apoptosis and nitro-oxidative stress

(Masini et al. 2008). Important downstream metabolites of ceramide in addition to

glycosphingolipids have been indeed long been recognized as important asthma
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mediators. Of these, S1P received particular attention, since it has been measured in

increased levels in the bronchoalveolar lavage fluid of asthma patients and animal

models (Ammit et al. 2001; Nishiuma et al. 2008). S1P has been involved in

regulating the airway smooth muscle function (Ammit et al. 2001), and its effect

on S1P2 receptors has been implicated as a major cause of mast cell degranulation

in allergic asthma (Oskeritzian et al. 2007, 2010; Price et al. 2009). Interestingly,

activation of mast cells causes itself activation of sphingosine kinase further

increasing the S1P, leading to calcium-dependent activation of these cells

(Melendez 2008). More recently, other ceramide metabolites such as Cer1P have

been suggested as potential mediators of asthmatic pathogenic mechanisms in the

lung (Niwa et al. 2010).

In addition to roles in asthma pathogenesis, an interesting potential role of

endogenous sphingolipids in an individual’s risk for asthma development has

been discovered through genome-wide association studies. A single-nucleotide

polymorphism (SNP) at chromosome 17q21 near the ORMDL3 gene (Moffatt

et al. 2007) has been discovered and since then, confirmed in several cohorts, was

associated with an increased risk of childhood asthma. ORMDL 1/2/ and 3 are

human genes homologs of the yeast ORM1/2 that encode transmembrane proteins

in endoplasmic reticulum. Subsequent work demonstrated that the Orm proteins

modulate sphingolipid production by inhibition of the first step in the de

novo sphingolipid synthesis, via a tightly regulated inhibitory interaction with

serine palmitoyltransferase (Breslow et al. 2010), thus controlling sphingolipid

homeostasis.

In conclusion, ceramides and their sphingolipid metabolites are involved in the

pathogenesis of chronic obstructive lung diseases, but their precise regulation and

importance are awaiting further investigations. In emphysema, they may act as a

proximal hub of amplification for apoptosis, oxidative stress, and own synthesis.

Cigarette smoke and possibly other pollutant exposures disrupt sphingolipid

homeostasis in the lung, generating distinct acute and chronic ceramide responses,

responsible for the death of structural alveolar epithelial and endothelial cells,

inhibition of clearance of apoptotic cells by alveolar macrophages, and potentially

impairment of cell repair that sustain the irreversible lung destruction in emphy-

sema. Human cells exhibit an adaptive response to increased ceramide

concentrations in the lung that include induction of autophagy and decreased cell

proliferation. Understanding the mechanisms by which the cells respond to com-

plex sphingolipid changes in the lungs exposed to environmental insults may

enhance our ability to diagnose early and even intervene therapeutically at various

stages of these chronic debilitating lung diseases.
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Abstract Cystic fibrosis is caused by mutations in the cystic fibrosis transmem-

brane conductance regulator (CFTR) molecule; these mutations result in a defect in

chloride secretion in epithelial cell layers. The disease is characterized by severe

gastrointestinal and pulmonary symptoms, but it is the pulmonary symptoms that

dominate the clinical course of the disease and determine patients’ life expectancy.

These pulmonary symptoms include reduced mucociliary clearance, chronic

inflammation, and recurrent and chronic pulmonary infections with Pseudomonas
aeruginosa, Staphylococcus aureus, Burkholderia cepacia, and Haemophilus
influenzae. Recent studies have shown that sphingolipids, especially ceramide,

play a crucial role in the pathogenesis of cystic fibrosis. These studies have

demonstrated that ceramide accumulates in the lungs of cystic fibrosis patients

and mice, causing inflammation and high susceptibility to bacterial infections. The

results of initial clinical studies suggest that interfering with sphingolipids may be

a novel treatment strategy for cystic fibrosis.
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1 Cystic Fibrosis: Introduction

Cystic fibrosis (CF) is the most common autosomal recessive disorder in Western

countries: approximately 1 child per 2,500 births will be affected, and approxi-

mately 90,000 patients in the European Union and the United States have the

disease (Cystic Fibrosis Registry of the USA). Cystic fibrosis is caused by

mutations in the cystic fibrosis transmembrane conductance regulator (CFTR)
(Kerem et al. 1989; Rommens et al. 1989). Many genetic mutations in CFTR
have been identified, and most of them result either in decreased expression of

mRNA or in decreased expression, instability, or inactivity of the CFTR protein

(Kerem et al. 1992). CFTR is a chloride channel that mediates chloride secretion in

epithelial cell layers (Welsh et al. 1994). However, it has also been suggested that

the channel is involved in bicarbonate transport (Poulsen et al. 1994). Furthermore,

the channel is expressed in intracellular vesicles, such as lysosomes, secretory

lysosomes, and phagosomes, and it has been shown to be involved in acidifying

these organelles, although this finding is controversial (Barasch et al. 1991; Di et al.

2006; Haggie and Verkman 2007).

Clinically, CFTR mutations cause severe gastrointestinal and pulmonary

symptoms. The gastrointestinal symptoms, which include pancreatic insufficiency

and associated maldigestion, meconium ileus in newborns, and biliary liver cirrhosis,

can usually be controlled. However, the pulmonary symptoms are currently most

important because they determine the quality of life and the life expectancy of CF

patients. These pulmonary problems include reduced mucociliary clearance and

accumulation of mucus in the bronchi, chronic inflammation, lung fibrosis, and, in

particular, recurrent and chronic infections with Staphylococcus aureus, Pseudomo-
nas aeruginosa, and Burkholderia cepacia, as well as Haemophilus influenzae.

Most of the studies described below used Cftr-deficient mice. When bred to a

C57BL/6 background, these mice spontaneously exhibit pulmonary changes that

are typical of CF: reduced mucociliary clearance, alveolar enlargement, lung

fibrosis and inflammation, and a mucus-like coating of the proximal and distal

airways (Kent et al. 1996, 1997; Durie et al. 2004; Charizopoulou et al. 2004, 2006;

Teichgräber et al. 2008). The mice also show chronic obstruction and extension of

pancreatic ducts, acinar atrophy of the pancreas, cholangitis, fibrosis and biliary

cirrhosis, abdominal distention, mucoid substances in the ileus lumen, and

increased numbers of goblet cells (Durie et al. 2004). Thus, these mouse models

are appropriate for studies of the pathophysiology of CF.

2 Cystic Fibrosis and Inflammation or Infection

Studies using animal or human cells and tissues have demonstrated that CF airways

are chronically inflamed because of an imbalance between proinflammatory and

anti-inflammatory cytokines in the lungs or the lung cells (Inoue et al. 1994;
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Khan et al. 1995; Bonfield et al. 1995; Tirouvanziam et al. 2000; Venkatakrishnan

et al. 2000; Tabary et al. 2001; Oceandy et al. 2002; Verhaeghe et al. 2007).

At present, it is unclear whether the chronic inflammation predisposes to pulmonary

infections (see below) or is caused by them. However, studies involving newborns

and, in particular, aborted fetuses carrying Cftr mutations suggest that chronic

inflammation in the lungs of CF patients precedes infection (Khan et al. 1995;

Verhaeghe et al. 2007). The studies using aborted fetuses demonstrated increased

concentrations of inflammatory markers in the lungs, a finding strongly suggesting

that aseptic inflammation occurs before infection in CF. However, studies using CF

pigs did not detect airway inflammation at birth (Stoltz et al. 2010), leaving the

issue still unresolved.

Experiments using Cftr-deficient mice demonstrated that the levels of

keratinocyte chemoattractant (KC; mouse homolog of interleukin-8) are increased

even before infection (Inoue et al. 1994; Tabary et al. 2001) and that the levels of

anti-inflammatory cytokines, in particular IL-10, are concomitantly decreased

(Bonfield et al. 1995). Furthermore, Cftr-deficient epithelial cells displayed a

constitutive activation of nuclear factor kappaB (NF-κB), a finding that also

suggests a proinflammatory phenotype (Venkatakrishnan et al. 2000). The patho-

genetic role of these inflammatory mediators in the lungs of CF patients still

requires definition. The lungs of CF patients contain large numbers of neutrophils

(Goldstein and Döring 1986), although these cells do not seem to express Cftr.
However, the increased death of neutrophils in CF lungs may result in the release of

DNA and neutrophil proteases that contribute to increased viscosity of mucus and

increased inflammation (Matsui et al. 2005; Whitchurch et al. 2002; Worlitzsch

et al. 2002). Studies by Teichgräber et al. (2008) indicated that sphingolipids are

critical for the induction of aseptic inflammation: the increased pulmonary

concentrations of IL-8/KC and IL-1 and the peribronchial accumulation of

macrophages and neutrophils in CF mice were corrected by normalization of

ceramide levels in these mice (see also below).

The second hallmark of the pulmonary problems associated with CF is patients’

increased susceptibility to infection with pathogens such as P. aeruginosa,
S. aureus, B. cepacia, and H. influenzae. More than 80 % of adult CF patients are

infected with P. aeruginosa (Cystic Fibrosis Registry of the USA); therefore, it is

very important to identify the molecular mechanisms mediating P. aeruginosa
infections in CF and to develop novel treatment options for CF patients.

This chapter focuses on the role of sphingolipids in P. aeruginosa infections

of the CF lung.

Several studies have found that, unlike healthy control samples (donor lungs) or

mice, lung samples from CF patients or Cftr-deficient mice exhibit an accumulation

of ceramide in bronchial epithelial cells and alveolar macrophages in the lung and

also in tracheal and intestinal epithelial cells (Teichgräber et al. 2008; Zhang et al.

2009; Becker et al. 2010a, b; Brodlie et al. 2010; Bodas et al. 2011a, b; Ulrich et al.

2010). These in vivo findings were confirmed by in vitro studies using cultured

cells, which also demonstrated an accumulation of ceramide in Cftr-deficient cells
(Bodas et al. 2011a, b). Interestingly, these in vitro studies also found that CFTR is
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downregulated in emphysema patients, and this downregulation may contribute to

the accumulation of ceramide in the lungs of patients with chronic obstructive

pulmonary disease (COPD) (Bodas et al. 2011b). Studies using human and mouse

tissues employed several techniques to demonstrate the accumulation of ceramide:

biochemical assay, fluorescence microscopy, electron microscopy, and mass

spectrometry. Mass spectrometry studies by Brodlie et al. (2010) demonstrated

a substantial accumulation of C16, C18, and C20 ceramides in the lungs of CF

patients, whereas the level of C22 ceramide was not significantly changed. It is

important to note that the murine studies found an age-dependent accumulation of

ceramide in the lungs: the increase in ceramide concentrations was seen only in

mice older than 12 weeks (Teichgräber et al. 2008) consistent with the slow

progression of the disease in young children.

What are the effects of increased ceramide concentrations in CF lungs? Among

other pathways, ceramide is formed when acid sphingomyelinase hydrolyzes

sphingomyelin to ceramide. Thus, one option for reducing ceramide in the lungs of

CF mice is the genetic or pharmacological inhibition of acid sphingomyelinase. To

this end, CF mice were crossed with acid sphingomyelinase-deficient mice to obtain

Cftr-deficient, acid sphingomyelinase-heterozygous mice (Cftr�/�/Smpd1+/�, Smpd1
is the gene symbol for the acid sphingomyelinase) that, in fact, exhibited a normali-

zation of ceramide concentrations in the lungs (Teichgräber et al. 2008). This

normalization was also achieved by treating CF mice with pharmacological func-

tional inhibitors of acid sphingomyelinase, such as amitriptyline, trimipramine,

desipramine, chlorprothixene, fluoxetine, amlodipine, and sertraline (Teichgräber

et al. 2008; Becker et al. 2010a). These drugs are weak bases that are trapped in

lysosomes or secretory lysosomes after protonation, bind to the inner membrane, and

displace acid sphingomyelinase from the membrane; this sequence of activity results

in proteolytic degradation of acid sphingomyelinase in the lysosome (Hurwitz et al.

1994; Kornhuber et al. 2008).

The hallmarks of CF (inflammation, reduced mucociliary clearance, and

increased susceptibility to infection) were then measured in these genetically

modified or pharmacologically treated mice.

1. Inflammation: Cftr-deficient mice exhibit high numbers of peribronchial

macrophages and neutrophils, which are absent in wild-type mice (Teichgräber

et al. 2008). These numbers of inflammatory cells are similar to the high numbers

of neutrophils and macrophages in the peribronchial tissue of CF patients. Phar-

macological or genetic inhibition of Asm and the concomitant normalization of

ceramide concentrations normalized the numbers of neutrophils and macrophages

in the peribronchial tissue of CF mice (Teichgräber et al. 2008). Furthermore, the

lungs of CF mice exhibited increased concentrations of proinflammatory

mediators such as IL-1 and IL-8. The application of acid sphingomyelinase

inhibitors or genetic heterozygosity of acid sphingomyelinase in CF mice

normalized the concentrations of these proinflammatory mediators (Teichgräber

et al. 2008). The increased release of cytokines in CF mice seems to be mediated,

at least in part, by a constitutive activation of CD95 in the bronchial epithelial cells

of these mice (Becker et al. 2012). Mice lacking Cftr exhibit an upregulation and
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activation of CD95, and this upregulation is caused by plasma membrane

ceramide. CD95 clusters in ceramide-enriched domains of CF bronchial epithelial

cells, a clustering that results in the activation of CD95 and the subsequent release

of proinflammatory cytokines. The activation of CD95 also further increases

pulmonary ceramide concentrations.

2. Mucociliary clearance: Histological studies of tissue from the lungs of CF mice

indicated that the death of epithelial cells is increased in these mice (Maiuri et al.

1997; Durie et al. 1999; Teichgräber et al. 2008) and that this cell death results in

increased DNA deposits in CF airways and in mucus or DNA plugs in the lower

airways. When ceramide concentrations in CF mice were normalized by the

application of amitriptyline or by genetic heterozygosity of Asm, epithelial cell

death and DNA deposits in the airways of these mice were abrogated

(Teichgräber et al. 2008).

3. Infection susceptibility: Mice lacking Cftr are very susceptible to pulmonary

infections with P. aeruginosa, as is the case with CF patients. While intranasal

application of P. aeruginosa into wild-type mice results in only a very mild

pneumonia or even in no symptoms, CF mice cannot eliminate and control the

bacteria; thus, severe pneumonia develops in CF mice after intranasal challenge

with the bacteria (Pier et al. 1996; Teichgräber et al. 2008). In contrast,

intratracheal injection of the bacteria results in a similar pneumonia in wild-

type and CF mice, (Munder et al. 2011) a finding suggesting that CF mice have a

severe impairment in mucociliary clearance. The central role of ceramide in the

susceptibility to infection is indicated by the finding that normalizing pulmonary

ceramide concentrations in CF mice by treating them with Asm inhibitors or by

heterozygosity of Asm prevents pulmonary infection with P. aeruginosa after

intranasal application (Teichgräber et al. 2008). Ceramide and CD95 seem to

play a crucial although not exclusive role in this process: the genetic suppression

of CD95 in CF mice reduces cell death and at least partially susceptibility to

infection (Becker et al. 2012). Furthermore, hydrolyzing DNA deposits in the

bronchi of CF mice by the inhalation of DNAase rescued the mice from

pulmonary P. aeruginosa infection (Teichgräber et al. 2008). At present, it is

unknown whether the DNA in bronchi serves to bind bacteria or whether it

primarily reduces mucociliary clearance, facilitating P. aeruginosa infection, or

both. A role of CD95 in CF is also indicated by genetic studies involving CF

twins; these studies found that CF symptoms are associated with allelic variants

in intron 2 of the CD95 receptor gene (Kumar et al. 2008). However, it is

unknown whether such changes in CF patients result in changes in cell death

in CF airways or whether other factors, such as proinflammatory cytokines, are

primarily regulated by CD95.

It is important to note that ceramide concentrations are increased in CF airways

even without infection and that ceramide-induced inflammation and cell death in

CF airways occur without P. aeruginosa infection.

In summary, ceramide is a crucial mediator of important pathophysiological

alterations in Cftr-deficient lungs.
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Several additional studies supported the finding that sphingolipids play an

important role in CF. These studies identified severe alterations of rafts that contain

predominantly sphingolipids in cells lacking Cftr (Kowalski and Pier 2004;

Gadjeva et al. 2010; Zaas et al. 2005; Teichgräber et al. 2008; Bajmoczi et al.

2009) and demonstrated that the destruction of rafts impairs the internalization of

P. aeruginosa into epithelial cells and also impairs host cell apoptosis in epithelial

cells after infection with P. aeruginosa (Grassmé et al. 2003). Likewise, caveolae,

which are small, invaginated membrane organelles enriched with sphingolipids, are

reorganized after infection with P. aeruginosa and recruit caveolin-1 and Cftr

during the infection process. Cells lacking caveolin-1 or -2 exhibited reduced

internalization of P. aeruginosa, and mice deficient in caveolin-1 were much

more susceptible than wild-type mice to pulmonary infection with P. aeruginosa
(Gadjeva et al. 2010; Bajmoczi et al. 2009).

These findings indicate that rafts and caveolae play an important role in the

functions of CFTR.

3 Novel Therapies for Cystic Fibrosis: Manipulating

Sphingolipids

As described above, treating CF mice with pharmacological inhibitors of the acid

sphingomyelinase normalizes ceramide concentrations in the lungs, reduces inflam-

mation in the lungs, and prevents infection with P. aeruginosa (Teichgräber et al.

2008). In these initial studies, acid sphingomyelinase inhibitors were applied by

intraperitoneal injection. Additional studies demonstrated that inhalation of the

acid sphingomyelinase inhibitors amitriptyline, trimipramine, desipramine,

chlorprothixene, fluoxetine, amlodipine, and sertraline also reduces pulmonary

inflammation in and prevents infection of CF mice (Becker et al. 2010a).

Previous studies in our laboratory demonstrated that mice completely lacking

acid sphingomyelinase cannot activate nicotinamide adenine dinucleotide phos-

phate (NADPH) oxidases, release reactive oxygen species, or kill P. aeruginosa
(Zhang et al. 2007). Thus, it may seem somewhat paradoxical to propose that CF

patients should be treated with acid sphingomyelinase inhibitors. However, CF

cells exhibit increased ceramide concentrations, and heterozygosity of acid

sphingomyelinase or treatment with acid sphingomyelinase inhibitors results in a

normalization of ceramide concentrations, not in a reduction of ceramide

concentrations. This normalization of ceramide concentrations reduces inflamma-

tion, normalizes mucociliary clearance, and prevents pulmonary P. aeruginosa
infections, but still permits NADPH-oxidase activation and ROS release. Thus,

for future CF treatments based on the inhibition of ceramide production, it will be

important to normalize ceramide concentrations but not to suppress the production

of ceramide completely, because complete suppression would result in a Niemann-

Pick type A/B phenotype and reduced killing of P. aeruginosa in the airways.
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Drugs inhibiting acid sphingomyelinase activity are commonly used

antidepressants with only very mild adverse effects, at least at low doses

(Kornhuber et al. 2008). Thus, the findings from animal studies were transferred

into a clinical study (Riethmüller et al. 2009). An initial randomized, double-blind,

placebo-controlled, crossover pilot study involving only four adult CF patients

demonstrated that treatment with amitriptyline was safe and exerted a beneficial

effect on lung function. A phase IIa study treated 19 adult CF patients with 25, 50,

or 75 mg amitriptyline per day (Riethmüller et al. 2009). Except for patients

receiving the highest dose who suffered from dry mucosa and tiredness, only

mild and transient adverse effects, if any, were observed. These studies also

indicate that doses of amitriptyline as low as 25 or 50 mg per day significantly

improved lung functions, as determined by measurements of forced expiratory

volume in the first second (FEV1). Finally, long-term observation of 20 patients

who had taken amitriptyline for more than 1 year showed an impressive increase in

lung function (Riethmüller and Gulbins, unpublished observations). Although the

sizes of study groups and the study times were limited and thus permitted only

limited conclusions about the effect of ASM inhibitors on lung function in CF

patients, the results of these early trials are encouraging and should be confirmed in

a larger clinical study.
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Grassmé H, Döring G, Gulbins E (2008) Ceramide accumulation mediates inflammation, cell

death and infection susceptibility in cystic fibrosis. Nat Med 14:382–391

Tirouvanziam R, de Bentzmann S, Hubeau C, Hinnrasky J, Jacquot J, Peault B, Puchelle E (2000)

Inflammation and infection in naive human cystic fibrosis airway grafts. Am J Respir Cell Mol

Biol 23:121–127

Ulrich M, Worlitzsch D, Viglio S, Siegmann N, Iadarola P, Shute JK, Geiser M, Pier GB,

Friedel G, Barr ML, Schuster A, Meyer KC, Ratjen F, Bjarnsholt T, Gulbins E, Döring G
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Abstract Sphingolipids have emerged as pleiotropic signaling molecules with

roles in numerous cellular and biological functions. Defining the regulatory

mechanisms governing sphingolipid metabolism is crucial in order to develop a

complete understanding of the biological functions of sphingolipid metabolites.

The sphingosine kinase/ sphingosine 1-phosphate pathway was originally thought

to function in the irreversible breakdown of sphingoid bases; however, in the last

few decades it has materialized as an extremely important signaling pathway

involved in a plethora of cellular events contributing to both normal and patho-

physiological events. Recognition of the SK/S1P pathway as a second messaging

system has aided in the identification of many mechanisms of its regulation;

however, a cohesive, global understanding of the regulatory mechanisms

controlling the SK/S1P pathway is lacking. In this chapter, the role of the SK/S1P

pathway as a second messenger is discussed, and its role in mediating TNF-α- and
EGF-induced biologies is examined. This work provides a comprehensive look into

the roles and regulation of the sphingosine kinase/ sphingosine 1-phosphate path-

way and highlights the potential of the pathway as a therapeutic target.

Keywords sphingolipids • growth factors • epidermal growth factor (EGF) •

platelet derived growth factor (PDGF) • tumor necrosis-α (TNFα) • cytokines •

interleukin • tumor growth factor-β (TGFβ) • hormones

1 Introduction

Lipid molecules defined by long-chain or sphingoid base backbones are referred to as

sphingolipids and over the span of several decades have been found to carry out

functions as diverse as the thousands of sphingolipid subspecies known to exist

(Merrill 2011). In mammals, the prominent sphingoid base is sphingosine, an

amino alcohol compound with multiple fates (Merrill 2011). Sphingosine can be

phosphorylated at the primary hydroxyl group to form the bioactive sphingolipid

metabolite sphingosine 1-phosphate; alternatively, sphingosine can be acylated at the

secondary amine group to form numerous ceramide species (Merrill 2011). Ceramide

can then be further metabolized into various complex sphingolipids, discussed below.

A fine balance exists between the bioactive sphingolipid metabolites sphingosine,

sphingosine 1-phosphate, and ceramide, and the enzymes responsible for the inter-

conversion of these molecules are tightly regulated. Because sphingolipids are

involved in a plethora of physiological and pathophysiological processes, it is
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important to understand the mechanisms governing the generation and degradation of

these important lipid molecules.

2 Sphingolipid Metabolism

Originally, sphingolipids were thought to function only as structural components

of the plasma membrane; however, sphingosine, ceramide, and sphingosine

1-phosphate, along with other sphingolipid metabolites, have been shown to possess

important cell signaling capabilities. Ceramide is considered the epicenter of

sphingolipid metabolism, as the different arms of sphingolipid metabolism converge

at this point (Gault et al. 2010) (Fig. 1). Three pathways of ceramide generation exist:

the de novo pathway, the sphingomyelinase pathway, and the salvage pathway

(Fig. 1). The initial reaction in the de novo pathway of ceramide synthesis is the

condensation of serine and palmitoyl-CoA by serine palmitoyl transferase (SPT) to

form 3-keto-dihydrosphingosine (KDHS) (Gault et al. 2010). KDHS is then reduced

via the action of KDHS reductase to form dihydrosphingosine (DHS). Addition of

varying lengths of acyl chains, by the family of (dihydro) ceramide synthases, to the

amine group of DHS results in the precursor to ceramide, dihydroceramide (DHC).

Through the addition of a double bond at C4 of the DHC backbone, carried out by the

enzyme dihydroceramide desaturase, DHC becomes ceramide (Fig. 1). The de novo

pathway occurs in the endoplasmic reticulum, and ceramide travels vesicularly or via

ceramide transport protein (CERT) through the Golgi network while being further

metabolized to more complex sphingolipids such as sphingomyelin and glycosphin-

golipids. Also, ceramide can be generated from the sphingomyelinase pathway

(Fig. 1). Sphingomyelinase is the enzyme responsible for the hydrolysis of the

major plasmamembrane constituent, sphingomyelin, by removal of a phosphocholine

head group from phosphatidylcholine to form ceramide and diacylglycerol (DAG).

Sphingomyelin hydrolysis occurs at varying subcellular localizations including the

plasma membrane, the lysosome, and the Golgi (Bartke and Hannun 2009). Lastly,

ceramide can be generated in the cell through the salvage pathway (Fig. 1). In the

salvage pathway of ceramide generation, long-chain sphingoid bases derived from

catabolism of more complex sphingolipids are re-acylated by ceramide synthases to

yield ceramide (Mullen et al. 2012). Sphingolipid metabolism and ceramide genera-

tion are important in maintaining membrane homeostasis, as well as in generating

bioactive sphingolipid metabolites for the purpose of cell signaling.

Following its generation, ceramide has numerous fates. As mentioned briefly

above, addition of a phosphocholine head group to ceramide species, by action of

the sphingomyelin synthases (SMS), leads to production of sphingomyelin (Fig. 1)

which is incorporated into cellular membranes or acts as a signaling molecule. Also

mentioned previously, ceramide can be used to generate more complex sphingolipid

species such as glycosphingolipids (GSL). GSL consist of ceramide with varying

types and/or numbers of sugars attached as a head group. When a single glucose

molecule is attached as the head group, glucosylceramide species are formed; fur-

thermore, when a single galactose molecule is attached to ceramide,
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Fig. 1 Sphingolipid metabolism. In the de novo pathway of ceramide synthesis, serine and

palmitoyl-CoA are condensed via action of the enzyme serine palmitoyltransferase (SPT) to form

3-keto-dihydrosphingosine. 3-Keto-dihydrosphingosine is then reduced to dihydrosphingosine by

3-keto-dihydrosphingosine reductase. Dihydroceramide is formed following addition of a fatty acid

chain to dihydrosphingosine via the action of (dihydro)ceramide synthase. Dihydroceramide is then

desaturated by dihydroceramide desaturase to form ceramide. In the sphingomyelinase pathway,

ceramide is formed from membrane sphingomyelin by removal of a choline head group by the

enzyme sphingomyelinase. In the reverse reaction, ceramide, by the addition of a choline head group

from phosphatidylcholine, is converted back to sphingomyelin by sphingomyelin synthase. The

salvage pathway of ceramide formation occurs following addition of a fatty acyl chain to already

formed sphingosine by ceramide synthase. Sphingosine can be formed by the dephosphorylation of

sphingosine 1-phosphate by sphingosine 1-phosphate phosphatase. In the exit pathway, sphingosine

1-phosphate is broken down irreversibly by sphingosine 1-phosphate lyase into phosphoetha-

nolamine and palmitaldehyde

278 K.A. Orr Gandy and L.M. Obeid



galactosylceramide species are formed (Gault et al. 2010). These sphingolipids are

quite complex for two reasons: (1) ceramide subspecies are numerous due to varying

lengths of acyl chains and different levels of saturation, and (2) head groups of

glycosphingolipids can vary by type, linkage, order, and number of sugar molecules

attached. These complex sphingolipids are outside the scope of this chapter, and

readers are referred to a recent review (Merrill 2011). Ceramide can be

phosphorylated to form ceramide 1-phosphate (C1P) which functions as a signaling

molecule; however, effects of C1P signaling are less well characterized than other

bioactive sphingolipid molecules (Gault et al. 2010). C1P may play a role in inflam-

mation via its activation of cytosolic phospholipase A2 (Lamour and Chalfant 2005).

Lastly, ceramide can enter the breakdown pathway whereby ceramidase-mediated

removal of the acyl chains leads to the production of sphingosine (Fig. 1). Sphingo-

sine is then phosphorylated to sphingosine 1-phosphate by the sphingosine kinases

(SK), of which there are two isoforms: SK1 and SK2. S1P can ultimately be broken

down into hexadecenal and phosphoethanolamine by the enzyme S1P lyase; alterna-

tively, through the action of S1P-specific or nonspecific lipid phosphatases, S1P can

undergo dephosphorylation, reforming sphingosine (Fig. 1). On the other hand, and

central to this chapter, S1P can function as an important bioactive signaling molecule

leading to numerous important cellular functions. S1P and its synthesizing enzymes,

SK1 and SK2, as well as their regulatory mechanisms will be discussed.

3 Sphingosine 1-Phosphate

3.1 S1P Metabolism and Function

S1P is an 18-carbon amino alcohol that was originally thought to exist strictly as an

intermediate in the sole, permanent degradative pathway of long-chain sphingoid

bases. All sphingolipids are broken down through the sphingolipid exit pathway by

conversion to S1P and subsequent S1P lyase-mediated formation of hexadecenal and

phosphoethanolamine. S1P was first found to have important cell signaling functions

only many years following its initial detection in the early 1970s (Stoffel 1970). It was

not until the early 1990s when S1P was implicated in intracellular calcium release

(Ghosh et al. 1990). Next was the discovery of a phorbol-myristic-acetate (PMA)-

inducible message that led to the formation of capillary networks and was therefore

termed the endothelial differentiation gene (EDG)-1 (Hla and Maciag 1990a, b).

EDG-1 was determined to be an orphan G protein-coupled receptor (GPCR) by

cDNA sequence analysis (Hla and Maciag 1990a, b). From the mid-to-late 1990s,

numerous other EDG receptors were cloned (Hla 2001), and S1P was determined to

be a bona fide high-affinity ligand for the EDG family of receptors. Since the

discovery of sphingosine 1-phosphate receptors (S1PRs), or EDG receptors, there

has been an eruption of literary evidence supporting S1P’s role as a multifaceted,

bioactive signaling lipid molecule (Lamour and Chalfant 2005).
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At concentrations of ~0.5 μM, and even higher at local areas of inflammation

(Ikeda et al. 2010), S1P is a major component of human plasma (Ikeda et al. 2010).

Thought to prevent dephosphorylation of S1P by nonspecific lipid ecto-phosphatases

(Pyne et al. 2009) or other degradative enzymes, the majority of plasma S1P is carried

by lipoproteins (LDL, VLDL, HDL), although a portion is known to be carried on

albumin (Bode et al. 2010). Interestingly, S1P displays differential functions

depending on the carrier molecule (Hammad 2011). S1P in the blood functions to

maintain vascular integrity under normal and pathological conditions (Camerer et al.

2009). Over the last several decades, S1P has been implicated in a plethora of cellular

functions as well as in normal physiological and pathophysiological events. At the

cellular level, S1P has been shown to modulate cell survival, proliferation, cytoskele-

tal structure, and adhesive properties.Meanwhile, S1P is known to play vital functions

in many physiological processes including vascular development, cardiovascular

function, and immunity (Hla and Brinkmann 2011; Siow and Wattenberg 2011;

Siow et al. 2011). On the other hand, S1P is known to mediate numerous pathologies

such as atherosclerosis, cancer and metastasis, and multiple sclerosis (Johnson et al.

2005; Kawamori et al. 2006, 2009; Hla and Brinkmann 2011; Pyne and Pyne 2011).

Given the wide variety of processes in which the SK/S1P pathway is involved, the

importance of understanding the mechanisms regulating this pathway becomes

immediately obvious.

3.2 S1P Signaling

S1P has been implicated as both an extracellular signaling ligand by binding to cell

surface S1P receptors (S1PRs), as well as an intracellular second messenger; how-

ever, the exact intracellular targets are only just being discovered. First of all, the

absence of S1PRs in lower classes of organisms, such as Saccharomyces cerevisiae
(Lanterman and Saba 1998), indicates an intracellular function for S1P. Also, S1P

has been shown to promote growth and survival independent of its G protein-coupled

receptors (GPCR) in mouse embryonic fibroblasts devoid of S1P receptors

(Olivera et al. 2003). There is also evidence supporting a role for intracellular S1P

in calcium mobilization (van Koppen et al. 2001). More recently, nuclear S1P

produced specifically by the action of SK2 was shown to bind directly to histone

deacetylases (HDACs), inhibiting their function, thus playing a role in epigenetic-

mediated gene expression (Alvarez et al. 2010). Additionally, in response to TNF-α
treatment, intracellular S1P produced explicitly by the action of SK1 was shown to

act as a cofactor for tumor necrosis factor (TNF-α) receptor-associated factor

2 (TRAF2) E3 ubiquitin ligase activity, which is required for many TNF-α-mediated

functions (Alvarez et al. 2010). Despite the identified intracellular roles of S1P, as of

yet, most S1P functions have been shown to be receptor mediated. There have been

five specific S1PG protein-coupled receptors (S1P1R-S1P5R) discovered; however,

there have been a number of putative S1PRs described in the literature (Niedernberg

et al. 2003), for example, Gpr12 and Gpr63 (Uhlenbrock et al. 2002, 2003). The S1P

family of receptors signal by coupling to different Gα subunits including Gαi, Gαq,
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and Gα12/13 (Hla and Brinkmann 2011), and this, along with receptor expression

patterns, results in activation of various effector molecules such as Rac, ERK, PI3K,

adenylyl cyclase, phospholipase C, Rho, and JNK, leading to different downstream

responses (Spiegel and Milstien 2003).

Intracellular produced S1P is capable of being exported from the cell via

transporters and acting on cell surface receptors on the cell from which it was

produced or on neighboring cells (Pyne and Pyne 2000). Ligand-mediated activa-

tion of SK1 typically drives S1P “inside-out” signaling. Many ligands are known

to induce activation of the SK/S1P pathway upon binding to their respective

receptors, ultimately leading to S1P receptor transactivation. Not surprisingly,

the subcellular localization of S1P production is extremely important for “inside-

out” S1P signaling. Most ligand-induced activation of the SK/S1P pathway occurs

via activation of SK1, presumably by ligand-induced ERK, PKC, or other unde-

fined downstream effector molecule activation, and this is thought to localize SK1

to the plasma membrane, bringing it into contact with its membrane-localized

substrate, sphingosine (Siow and Wattenberg 2011). S1P formed at the inner

leaflet of the plasma membrane can then be immediately exported from the cell

to act as a ligand for its own receptors (Nieuwenhuis et al. 2010). Alternatively,

S1P produced by endoplasmic reticulum (ER)-localized SK2 is subject to degra-

dation by S1P lyase and S1P phosphatase, both of which are also localized to the

ER (Gault et al. 2010), limiting the ability of S1P to be exported from the cell and

act as an extracellular ligand (Siow and Wattenberg 2011). S1PR transactivation

by receptor tyrosine kinases, like those responsible for growth factor-mediated

signaling, further confounds S1P signaling. Activation of the SK/S1P pathway by

growth factors and cytokines is a well-documented phenomenon, yet it is only one

of the ways SK/S1P signaling is regulated. The crossing of S1PR pathways with

other GPCR and RTK signaling pathways, along with the activation of SK by

numerous agonists or stimuli and “inside-out” signaling capabilities of S1P,

clearly demonstrates the complexity involved in the SK/S1P signaling pathway.

Teasing out various S1P-mediated signals and the manner in which they are

regulated is imperative for revealing potential therapeutic targets.

4 Sphingosine Kinase

SK1 and SK2 are located on separate genes and are highly homologous, with the

exception of an extended N-terminal tail possessed by SK2 (Alemany et al. 2007;

Hait et al. 2009). In contrast to SK1 which is localized to both the cytoplasmic and

membrane portions of the cell, SK2 is thought to be localized to the ER, nucleus,

and mitochondria (Igarashi et al. 2003; Strub et al. 2011). There is some functional

redundancy between SK1 and SK2, evidenced by a lack of major phenotypes in

SK1 or SK2 single knockout mice (Michaud et al. 2006); however, SK1/SK2

double knockouts are embryonic lethal due to improper formation of blood vessels
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and neural tube closure, providing compelling evidence for the necessity of SK in

development (Mizugishi et al. 2005).

4.1 Sphingosine Kinase 1

A key step in the sphingolipid pathway is the formation of bioactive signaling

molecule, S1P. Two known isoforms of sphingosine kinase (SK), SK1 and SK2,

are responsible for phosphorylation of the primary hydroxyl group of sphingosine to

form S1P. Cloning of SK from yeast dramatically facilitated the study of the enzyme

(Lanterman and Saba 1998). In humans, three splice variants of SK1 (SK1a, SK1b,

and SK1c) have been identified (Venkataraman et al. 2006), and a high degree of

homology exists between mammalian SK1 and SK1 from other organisms (Kohama

et al. 1998). These evolutionarily conserved regions include a diacylglycerol kinase

(DGK) catalytic domain, glycine 82, which is imperative for SK1 catalytic activity

(Pitson et al. 2000), and aspartate 278, which is necessary for sphingosine binding

(Yokota et al. 2004) (Fig. 2). ERK phosphorylation sites (Pitson et al. 2003),

phosphatidylserine binding residues (Stahelin et al. 2005), ATP binding sites (Pitson

et al. 2002), Ca2+/calmodulin (Sutherland et al. 2006), and TNF receptor-associated

factor 2 (TRAF2) binding sites (Xia et al. 2002) are among other homologous

regions of the SK1 enzyme. SK1 resides mostly in the cytosol but can translocate

to the plasma membrane upon activation by various stimuli (Johnson et al. 2002),

and this is thought to be one of the major mechanisms by which SK/S1P signaling is

regulated (Siow et al. 2011).

Unlike many well-known enzymes, there is no concrete single or set of regulatory

mechanisms known for SK1; however, a small portion of the literature is dedicated to

deciphering the direct mechanisms of SK1 regulation. Touched upon earlier, SK1

localization is pivotal in determining the outcome of S1P signaling, and SK1

phosphorylation is the mechanism thought to regulate subcellular localization. Stud-

ies examining SK1 activation by extracellular ligands have revealed a serine phos-

phorylation site at residue 225 (Pitson et al. 2003). There have been reports that

ligand-induced phosphorylation of SK1 at serine 225 causes conformational or

electrostatic changes that allow SK1 to localize to and remain at the plasma mem-

brane, enhancing the chance of contacting its substrate (Stahelin et al. 2005). SK1 has

been shown to be activated by acidic phospholipids in vitro and selectively bind

phosphatidylserine at the plasma membrane (Gao et al. 2012). Furthermore, calmod-

ulin, PKC, and CIB1 (calcium- and integrin-binding protein 1) have been shown to

facilitate SK1 translocation to the plasma membrane (Johnson et al. 2002; Stahelin

et al. 2005; Sutherland et al. 2006). On the other hand, protein phosphatase 2A

(PP2A), via interaction of its B’α subunit with the C-terminal region of SK1, has

been implicated in the dephosphorylation and deactivation of SK1 (Barr et al. 2008;

Pitman et al. 2011). Other, less well characterized, regulators of SK1 localization

exist. For example, the mutated form of the Ras oncogene, K-RasG12V, was recently

shown to induce SK1 translocation to the plasma membrane, as well as increase
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Fig. 2 Regulation of the SK/S1P Pathway. Schematic representation of ligands and types of

receptors involved in activation of the SK/S1P pathway and the mechanisms involved. (1) TGF-β
contributes to SK/S1P signaling by acute activation of SK1 and transcriptional up regulation of (10)

SK1 and (13) S1P3R. (2) TNF-α activation of SK/S1P pathway by TRAF2-meditaed recruitment to

the membrane; TNF-α activation of SK1 through ERK and PLD; TNF-α-induced transcriptional up
regulation of (12) S1P2R. (3) G protein-coupled receptor regulation of the SK/S1P pathway, as an

example in green: IL-8 binds its cognate GPCR and activates SK1 through PI3K and ERK and

induces transcriptional up regulation of (10) SK1. (4) Growth factor/ Receptor Tyrosine Kinase

regulation of the SK/S1P pathway. For example, highlighted in purple: EGF has been shown to

regulate the SK/S1P pathway via c-src and PKC-mediated activation of SK1 and transcriptional up
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levels of S1P (Gault et al. 2012). Additionally, SK1 has shown to be exported from

endothelial cells (Hla et al. 2008), as well as from monocytic cells (Hammad et al.

2006), further solidifying a role for extracellular SK1 and S1P.

Besides phosphorylation, there have been other posttranslational modifications

that regulate the activity of SK1. A study by the Pyne group examined the

mechanisms of action of various SK1 inhibitors and discovered an unforeseen

mechanism of inhibition: ubiquitin-mediated proteasomal degradation (Loveridge

et al. 2010; Lim et al. 2011a, b). These recent studies are in line with previous studies

implicating the degradation of SK1. For example, following prolonged exposure to

TNF, SK1 has been shown to be downregulated via cathepsin B-dependent degrada-

tion in MCF-7 breast cancer cells and via reactive oxygen species (ROS) in cardiac

cells (Taha et al. 2005, 2006; Pchejetski et al. 2007).Moreover, SK1 has recently been

shown to be proteolyzed in response to genotoxic stress through a mechanism

involving p53, implicating a role for SK1 in p53-dependent cancers (Taha et al.

2004; Heffernan-Stroud et al. 2012). Very recently, Yu et al. identified a conserved

acetylation motif in SK1 that was shown to be acetylated by p300/cAMP-response

element-binding protein (CREB)-binding protein (CBP) (Yu et al. 2012). Interest-

ingly, using an SK1 lysine to glutamine acetyl-mimetic mutant, they were able to

determine that acetylation increases stability of SK1 and prevents it from ubiquitin-

mediated degradation, suggesting that acetylation and ubiquitination compete for the

same lysine residues and can ultimately determine the fate of SK1 (Yu et al. 2012).

This is an important finding and may have implications in the development of SK1-

targeted therapeutics. Another recent finding in neurons implicated NADPH oxidase

(NOX)-mediated oxidative damage to SK1, ultimately resulting in ceramide accu-

mulation and apoptosis (Barth et al. 2011). Lastly, a number of SK1-interacting

proteins affecting its activity have emerged, including delta-catenin/neural

plakophilin-related armadillo repeat protein (NPRAP) (Fujita et al. 2004),

aminoacyclase 1 (Maceyka et al. 2004), eukaryotic elongation factor 1A (Leclercq

et al. 2008, 2011), filamin A (Maceyka et al. 2008), sphingosine kinase 1-interacting

protein (SKIP) (Lacana et al. 2002), and platelet endothelial cell adhesion molecule-1

(PECAM-1) (Fukuda et al. 2004), whereas cytosolic chaperonin containing TCP-1

(CCT) has been shown to mediate proper folding of the enzyme (Zebol et al. 2009).

Future studies solidifying some of the regulatory roles of SK1 presented here are

necessary in order to therapeutically target the SK/S1P pathway.

Fig. 2 (continued) regulation of (10) SK1 and (13) S1P3R. (5) E2, prolactin and ovalbumin

challenge have all been shown to increase S1P or DHS1P export from the cell; E2 for example also

induces the transcriptional up regulation of SK1 through activation of ER. (6) Mechanism of

ligand-induced S1P inside-out signaling. Ligand activation of SK, production and export of S1P,

(6) activation of S1P receptors and subsequent (9) transcriptional up regulation of various genes.

(7) FcεR1 receptor activation leads to fyn-kinase-mediated activation of SK1 and in the case of (7)

LPS, induces transcriptional up regulation of SK1 and SK2
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4.2 Sphingosine Kinase 2

While SK1 has been the subject of intense investigation, until recently SK2 has

remained the less well-characterized enzyme isoform. In early studies, SK2 was

shown to possess functions that are contradictory to those of SK1, including induction

of apoptosis via its role as a putative BH3-only protein (Liu et al. 2003;Maceyka et al.

2005; Okada et al. 2005, 2009). In an important study that identified the first direct

intracellular target of S1P, SK2was reported to play a role in the epigenetic regulation

of gene expression via modulation of histone acetylation, whereby SK2-generated

nuclear S1P was shown to prevent the removal of acetyl groups contained within

histone tails via direct interaction with and inhibition of histone deacetylases 1 and

2 (HDAC1 and HDAC2) (Hait et al. 2009). Despite the absence of detailed charac-

terization of SK2 regulation and function, the development of SK2-specific enzyme

inhibitors has exposed many novel functions of SK2. In contrast to its initially

identified functions, SK2 has been implicated in promotion of cancer such that

pharmacological inhibition of SK2 has been shown to sensitize cells to apoptotic

stimuli (Gao and Smith 2011). Moreover, siRNA-mediated downregulation of SK2

was shown to inhibit proliferation andmigration in tumor cells (Gao and Smith 2011).

Another recently identified role for SK2 is in precondition-mediated protection from

cerebral ischemic injury (Shi et al. 2012). SK2 inhibition prevented precondition-

induced tolerance to ischemic injury in a rodent stroke model (Garofalo et al. 2012).

Shown to be in the ER (Siow andWattenberg 2011), nucleus (Hait et al. 2009; Riccio

2010), and mitochondria (Strub et al. 2011), SK2 is localized to subcellular regions

different from those of SK1 (Siow et al. 2011). Similarly to SK1, SK2 has been shown

to be phosphorylated by ERK in response to EGF treatment, leading to MDA-MB-

453 migration (Hait et al. 2005, 2007). Besides subcellular localization and phos-

phorylation, additional direct regulatory mechanisms remain to be determined for

SK2 (Hait et al. 2005, 2007). Expansion on the already known functions of SK2 is

essential for the development of drugs targeting the SK/S1P pathway.

5 Regulation of the SK/S1P Pathway

As mentioned above, the SK/S1P pathway is activated by numerous extracellular

ligands, and the resultant “inside-out” signaling has emerged as amajormechanismby

which SK/S1P signaling is controlled (Fig. 2). Extracellular stimuli shown to activate

the SK/S1P pathway are numerous and diverse in nature; however, cytokines and

growth factors are perhaps the best characterized. In addition to cytokines and growth

factors, other factors known to regulate S1P signaling include nuclear receptors,

inducers of immune responses such as endotoxins, as well as the export machinery

responsible for S1P release from the cell. Ligand-mediated regulation of SK/S1P

signaling highlights the role of S1P as a secondary messenger and provides additional

targets for the treatment of cytokine and/or growth factor-mediated diseases.
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6 Cytokine Regulation of the SK/S1P Pathway

6.1 Transforming Growth Factor-β (TGF-β)

Sphingolipid metabolism has long been known to be influenced by immunomo-

dulating cytokines with activation of the sphingomyelinase pathway leading to

apoptosis and activation of the SK/S1P pathway leading to inflammation (Jenkins

et al. 2011). Evidenced by the immunomodulatory drug FTY720, the SK/S1P path-

way has been shown to be involved in inflammation and cellular processes brought

about by numerous cytokines (Zhu and Da 2007). Transforming growth factor-β is

one such cytokine shown to regulate SK/S1P signaling. TGF-β is best known for its

role in the development of tissue fibrosis, such as occurring in cardiac remodeling and

scleroderma (Silver 1996; Derrett-Smith et al. 2010). In myofibroblasts, TGF-β
treatment led to Smad-induced SK1 upregulation and subsequent S1PR modulation,

indicating a role for TGF-β in regulation of the SK/S1P pathway (Cencetti et al.

2010). Also, in dermal fibroblasts, TGF-β treatment increased SK1 mRNA and

protein levels resulting in prolonged SK1 activation and subsequent increases in

S1P with corresponding decreases in ceramide and sphingosine, as well as inhibition

of S1P phosphatase activity (Yamanaka et al. 2004) (Fig. 2). In a mousemodel of lung

fibrosis, TGF-β treatment induced activation of SK1 and transactivation of S1P

receptors (Kono et al. 2007). Another manner in which TGF-β regulates SK/S1P

signaling is through organization of signaling platforms. In renal proximal tubules,

Song et al. demonstrated that isoflurane induced caveolae enriched in SK/S1P

signaling components, including SK1, S1P, and downstream effectors of SK/S1P

signaling, MAPK, and ERK (Song et al. 2010). Caveolae formed following isoflurane

treatment were also enriched in TGF-β1 receptor, and inhibition of TGF-β1 signaling
prevented caveolae formation, suggesting a role for TGF-β in organizing SK/S1P

signaling (Song et al. 2010). This organization may also occur at particular subcellu-

lar localizations, which has been shown to mediate the effect of S1P signaling, as

mentioned above. In the case of TGF-β, SK1-specific inhibitors may serve as

potential therapeutic treatment modalities in pathologies mediated by TGF-β.

6.2 Interleukins

Interleukins (ILs) are cytokines derived mostly from immune cells including B cells,

T cells, monocytes, and macrophages (Chen et al. 2006). Numerous families of ILs

exist and exhibit many functions including differentiation and proliferation (Chen

et al. 2006). IL-8 is one IL known to regulate the SK/S1P pathway as it was shown to

dose-dependently increase SK activity in multiple myeloma cells through a mecha-

nism involving PI3K and ERK/MAPK signaling (Li et al. 2007) (Fig. 2). Also

known to regulate SK/S1P is IL-1β. SK1 activity was acutely and transiently

activated in A549 lung epithelial cells treated with IL-1β (Billich et al. 2005). IL-

1β was also shown to regulate SK/S1P signaling in glioblastoma cells via
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transcriptional upregulation (Fig. 2) (Paugh et al. 2008). Further research into IL

regulation of SK/S1P signaling has the potential to reveal novel therapeutic targets.

6.3 Tumor Necrosis-Alpha (TNF-α)

TNF-α is a pleiotropic cytokine involved in mediating numerous inflammatory and

immune responses. It has long been known that TNF-α elicits many of its signals via

the sphingolipid metabolic pathway (Candela et al. 1991; Yang et al. 1993; Muller

et al. 1995). TNF-α is known to generate ceramide via activation of sphingomyelinase

(Higuchi et al. 1996). Moreover, TNF-α has been shown to regulate SK/S1P in many

ways and is perhaps the most well-characterized activator of SK1. A major mecha-

nism of SK activation, as mentioned prior, is phosphorylation. Chow et al. proposed
that TNF-α induces the ERK-mediated phosphorylation of SK1 at residue 225 which

increases the chances of substrate-enzyme interaction (Fig. 2) (Stahelin et al. 2005).

Furthermore, Pitson et al. also implicated MAPK in the phosphorylation of serine

residue 225 and activation of SK1 in response to TNF-α (Fig. 2) (Pitson et al. 2003;

Chandru and Boggaram 2007). Interestingly, a TRAF2-binding motif in SK1 has

been identified and has been shown to be necessary for the TNF-α-induced activation
of SK1 (Fig. 2 and Table 2) (Xia et al. 2002). In line with the previous findings,

TNF-αwas shown to elicit acute increases in S1P in L929 fibroblasts (Table 2) (Pettus
et al. 2003). More recently, TNF-α was shown to modulate SK/S1P signaling

independent of SK1; in endothelial cells, TNF-α treatment was shown to induce the

expression of S1P2RmRNA and protein, thus shifting S1P signaling towards S1P2R-

mediated events (Fig. 2 and Table 1) (Du et al. 2012). Lastly, TNF-α was shown to

negatively regulate SK/S1P signaling via promotion of NADPH oxidase (Nox)-

mediated oxidative damage to SK1 in neuronal cells (Barth et al. 2012). Discussed

in the next chapter, the SK/S1P pathway has been shown to mediate a large portion of

TNF-α-mediated events, supporting TNF-α induced “inside-out” S1P signaling.With

the overwhelming evidence for TNF-α-mediated activation of SK1, establishing

the mechanisms by which it does so can help reveal possible therapeutic targets for

the many diseases caused by and associated with inflammation.

7 Growth Factor Regulation of the SK/S1P Pathway

7.1 Miscellaneous Growth Factors

S1P receptors can undergo sequential activation by ligands other than S1P, such as

growth factors. This transactivation of receptors is also known as “receptor cross talk”

(Spiegel and Milstien 2003). For example, platelet-derived growth factor (PDGF) has

been shown to activate SK1, ultimately leading to activation of S1P receptors (Fig. 2)

(Olivera and Spiegel 1993; Rosenfeldt et al. 2001a, b). The recently coined term

“integrative signaling” is used to describe functional signaling complexes, which in
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this case consists of PDGFR and S1P1R (Pyne and Pyne 2010). Upon binding its

receptor, PDGF activates SK1 resulting in the transactivation of the S1P1R receptor

leading to Rac-mediated cell motility; additionally, it was shown that PDGF-

mediated S1P1 transactivation results in activation of Src and FAK leading to

subsequent lamellipodia formation and migration (Table 1) (Hobson et al. 2001).

Furthermore, PDGF was shown to elevate SK1 mRNA, protein levels, and activity in

human coronary artery smooth muscle cells (HCASM) through a mechanism involv-

ing the PI3K/AKT2/mTOR (mammalian target of rapamycin) signaling pathway

(Table 1) (Francy et al. 2007). Also via upregulation of SK1, PDGF is known to

promote cellular proliferation in mesangial cells (Katsuma et al. 2002); however,

PDGF inhibits cellular proliferation through upregulation of SK1 in myoblasts

Table 1 Role of the SK/S1P pathway in growth factor mediated events

Cell type Response Mechanism References

Platelet-derived growth factor (PDGF)

HEK-293, ASMC,

and fibroblasts

Cell motility S1P1R-mediated

Rac activation

Hobson et al. (2001),

Olivera and

Spiegel (1993), and

Rosenfeldt et al.

(2001a, b)

Fibroblasts Cell motility S1P1R-mediated

Src and FAK

activation

Olivera and Spiegel

(1993) and Rosenfeldt

et al. (2001a, b)

Swiss 3T3

fibroblasts

Cell proliferation ND Olivera and Spiegel (1993)

Oligodendroglial

progenitors

Expression of

delayed rectifier

current (I(K))

Activation of Src

family kinases

Soliven et al. (2003)

Mesangial cells Cell proliferation Increased SK1

mRNA

Katsuma et al. (2002)

Myoblasts Inhibition of cell

proliferation

Upregulation of

SK1 and

S1P1R

signaling

Nincheri et al. (2010)

Epidermal growth factor (EGF)

HEK293 Calcium signaling ND Meyer zu Heringdorf

et al. (1999)

MDA-MB-453 Cellular migration ND Hait et al. (2005)

MDA-MB-453 Cellular migration ERK-mediated SK2

phosphorylation

Hait et al. (2007)

Cytotrophoblasts Inhibits TNFα-
induced

apoptosis

PI3K-dependent

SK1 activation

Johnstone et al. (2005)

MCF-7 Cell growth and

migration

ND Doll et al. (2005) and

Sarkar et al. (2005)

Glioblastoma Cell growth and

survival

ND Estrada-Bernal et al.

(2011)

ND not determined
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Table 2 Role of the SK/S1P pathway in TNF-α-mediated events

Cell type Response Mechanism References

HUVEC Expression of E-selectin

and VCAM; ERK and

NFkB activation

ND Xia et al. (1998)

HUVEC eNOS activation S1PR1 and S1PR3

activation

De Palma et al. (2006)

HUVEC ICAM expression Akt, ERK, and

NFkB activation

Kang et al. (2006)

HAEC MCP-1 expression and

secretion, VCAM

expression

p38 Chen et al. (2004)

Human

neutrophils

Neutrophil priming ND MacKinnon et al. (2002)

RAW 264.7

macrophages

COX-2 expression,

PGE2 production

ND Hammad et al. (2008)

U937 human

monocytic

cells

ERK and NFkB

activation

PLD activation Sethu et al. (2008)

1321N1

glioblastoma

Proliferation Akt and cyclin

D activation

Radeff-Huang et al.

(2007)

SKNBE human

neuroblastoma

eNOS activation SK/S1P/S1PR and

Akt activation

De Palma et al. (2008)

H441 lung

epithelial

IL-8 expression ERK, p38,

and AP-1

activation

Chandru and Boggaram

(2007)

A549 Cox-2 expression and

PGE2 production, IL-6,

RANTES, MCP-1, and

VCAM expression

NFkB activation Billich et al. (2005)

A549 and L929 COX-2 and PGE2

production

ND Pettus et al. (2003)

Fibroblasts ERK activation and

MMP1 expression

Dihydro-S1P via

Gαi signaling
Bu et al. (2006)

C2C12 myoblasts Myogenesis S1P2R Donati et al. (2007)

MC3T3-E1

osteoblast-like

IL-6 production PLC and PKC Wang et al. (2002)

HEK 293T NFkB activation SK:TRAF2 binding Xia et al. (2002)

Synoviocytes MMP1a and IL-6

production

ND Baker et al. (2010)

HepG2 Downregulation of

Na+/K + ATPase

JNK and NFκB
inhibition

Dakroub and

Kreydiyyeh (2012)

ND not determined
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(Nincheri et al. 2010). PDGF has been shown to induce the expression of delayed

rectifier current (I(K)) in oligodendroglial precursor cells, also through a mechanism

involving Src activation and dependence on the SK/S1P pathway (Soliven et al.

2003). Many growth factors other than PDGF have also been shown to activate

SK1, including vascular endothelial growth factor (VEGF), nerve growth factor

(NGF), and insulin-like growth factor (IGF) (Fig. 2) (Johnson et al. 2002; Billich

et al. 2005; El-Shewy et al. 2006; Kusner et al. 2007). A study by Shu et al.

demonstrates the mechanism by which VEGF mediates activation of SK1 (Shu

et al. 2002). VEGF binds its receptor, activating PKC, which stimulates SK1 to

produce S1P, and this was shown to occur in a dose-dependent manner (Shu et al.

2002). IGF has also been shown to activate SK1 and cause S1P production followed

by GFP-S1P1R receptor internalization in HEK-293 cells (El-Shewy et al. 2006).

More recently, this IGF-mediated activation of SK1 was shown to occur through

IGFRII-activation of PLC and PKC-βII (Fig. 2) (El-Shewy et al. 2011). Basic

fibroblast growth factor (bFGF) is known to regulate SK/S1P signaling via

upregulation of S1P1R expression in smooth muscle cells (SMCs) and activation of

SK1 in neuronal cells (Fig. 2) (Rius 1997). Lastly, hepatocyte growth factor (HGF)

has been shown to differentially regulate SK activity, such that at high doses it inhibits

SK, while at low doses SK is activated (Liu et al. 2011); results from this study

highlight the importance of examining dose-dependent effects of ligand regulation of

the SK/S1P signaling pathway. Given the large number of molecules capable of

activating SK1, resulting in S1P production and ultimately S1P receptor

transactivation, this may be a common mechanism by which G protein-dependent

signals are elicited by non-G protein-coupled receptors; in fact, “GPCR-jacking” is a

term used to represent this phenomenon (Delcourt et al. 2007).

7.2 Epidermal Growth Factor

The effects of epidermal growth factor (EGF) on cell growth, proliferation, and

differentiation are very well studied, and EGF has also been extensively studied as

an activator of the SK/S1P pathway, especially in diseases associated with growth

and proliferation such as in cancer. EGF has been shown to induce acute activation

and late transcriptional upregulation of SK1 (Paugh et al. 2008), as well as induce

SK1 translocation to the plasma membrane in MCF-7 breast cancer cells (Fig. 2 and

Table 1) (Sarkar et al. 2005). EGF has also been shown to activate the SK/S1P

pathway via ERK-mediated phosphorylation and subsequent activation of SK2 (Hait

et al. 2007). Through a mechanism termed “oncogene tolerance,” EGFR increased

the expression of SK1; however, this occurred only in estrogen receptor-positive

MCF-7 cells, whereby SK1 then functions in negative feedback inhibition of EGF

signaling (Long et al. 2010). Not only has EGF been shown to regulate S1P signaling

in breast cancers, but cross talk between EGFR and S1PRs has been extensively

studied in glioblastoma multiforme, the most common and aggressive brain tumors

occurring in humans (Mao et al. 2012). EGF, through a mechanism involving c-Src

and PKCδ, induced SK1 translocation to the plasma membrane (Table 1) (Paugh
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et al. 2008), while EGF treatment or overexpression of constitutively active

EGFRVIII resulted in increased expression and activity of SK1 in glioblastoma

cells (Fig. 2) (Estrada-Bernal et al. 2011). Interestingly, lysophosphatidic acid

(LPA) upregulated SK1 and S1P3R expression in gastric cancer cells; however,

this occurred downstream of LPA-induced activation of EGFR (Shida et al. 2008).

Determining the mechanisms by which EGF activates SK1 can prove useful in the

treatment of EGF-driven diseases, such as in various malignancies.

8 Other Regulators of the SK/S1P Pathway

8.1 Hormones

A wide variety of stimuli, which do not fall into the cytokine or growth factor

category, are also known to regulate SK/S1P signaling. Such types of signaling

molecules are hormones. Perhaps the best characterized hormonal regulation of SK/

S1P signaling emerges in 17β-estradiol (E2) signaling. E2 has been shown to regulate
SK/S1P signaling on many levels. First, it has been demonstrated that SK1 undergoes

acute activation by E2 (Sukocheva et al. 2003, 2006; Doll et al. 2005), as well as by

STAT5/PKC/MAPK-mediated SK1 transcriptional upregulation at a later phase in

MCF-7 breast cancer cells (Fig. 2) (Sukocheva et al. 2003; Doll et al. 2005). Another

manner in which E2 regulates SK/S1P signaling is through stimulating the rapid

release of S1P and dihydro-S1P from cells; interestingly, E2 also results in late phase

activation of SK1 through transcriptional upregulation of estrogen receptors which,

when activated, further induce SK1 activity (Fig. 2) (Sukocheva et al. 2003). Not only

does E2 regulate SK/S1P signaling, but prolactin has been shown to do so as well.

Similar to E2, prolactin biphasically activates SK1 with acute activation of SK1 and

late phase activation via SK1 gene transcription (Fig. 2) (Doll et al. 2007). Lastly,

progesterone has been shown to regulate SK1. Progesterone increases SK1 mRNA,

and as gestational age increases, so does SK1 protein and activity, along with S1P

lyase and S1P3R protein expression, which tracks with E2 and progesterone levels in

late pregnancy (Fig. 2) (Yamamoto et al. 2010). It is well demonstrated that estrogen

and other related sex hormones regulate the SK/S1P pathway; therefore, it will be

important to examine the role of nonsex hormones in its regulation as well.

8.2 Immune Activators

Immune activators encompass any ligand that induces an immune response. The

SK/S1P is intimately involved in inflammation and the immune response; therefore,

it is not unusual that many activators of the immune response also directly affect

SK/S1P function. Antigen challenge has been shown to regulate the SK/S1P

pathway in numerous accounts. Mast cell activation, via IgE binding to its receptor

FcεR1, is known to lead to SK activation and subsequent S1P formation (Melendez
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2008); for example, IgE receptor activation has been shown to stimulate the

expression and activation of both sphingosine kinase isoforms (Fig. 2) (Olivera

et al. 2006). Activation of FcεRI in bone marrow-derived mast cells led to S1P

production through a Fyn-kinase-dependent mechanism (Fig. 2) (Olivera et al.

2006). Antigen challenge in the form of ovalbumin administration is also known

to affect the SK/S1P signaling pathway. In a mouse model of lung inflammation,

ovalbumin challenge led to increased expression of SK1 in areas near bronchial

epithelial walls and in areas of inflammation (Fig. 2) (Nishiuma et al. 2008).

Ovalbumin also caused release of S1P into lavage fluid, thus activating S1P

signaling in the lung (Fig. 2) (Nishiuma et al. 2008). Endotoxins are also known

to induce robust immune responses and have been studied in the regulation of SK/

S1P pathway. Using microarray technology and RTPCR, Wadgaonkar et al. found

that LPS treatment significantly increased SK1 expression within 6 h which

returned to basal by 24 h; unexpectedly, SK2 expression also increased, although

more slowly and more sustained than that of SK1 (Fig. 2) (Wadgaonkar et al. 2009).

This suggests that LPS differentially regulates SK/S1P signaling through early and

late upregulation of SK1 and SK2, respectively (Wadgaonkar et al. 2009). Also

implicating LPS in SK/S1P regulation, treatment of glial cells with LPS resulted in

increased SK1 message in one study (Fig. 2) (Lin et al. 2011) and upregulation of

both SK1 and S1P3R in another (Fig. 2) (Fischer et al. 2011).

8.3 Miscellaneous

Other activators, which do not fall into the aforementioned categories, are known to

mediate SK/S1P signaling and deserve recognition, as well. First, agonists of peroxi-

some-proliferator-activated receptor gamma (PPARγ), such as those used to treat type
2 diabetes (Salvado et al. 2012), have been shown to induce SK1 expression and

activity leading to increased S1P levels (Chao et al. 2010). Also implicated in

regulation of the pathway are thrombin and its receptor, PAR-1. Thrombin activation

of PAR-1 was shown to regulate SK/S1P signaling such that treatment of A549 with

thrombin led to elevated levels of SK1 mRNA and subsequent increases in S1P

(Fig. 2) (Billich et al. 2009). Thrombin also contributes to regulation of SK/S1P

signaling through “integrative signaling,” by PAR-1-mediated activation of S1P3R

(Fig. 2) (Niessen et al. 2008). Moreover, under hypoxic conditions, Hif-2α has been

shown to bind the SK1 promoter and induce transcriptional upregulation in U87MG

glioblastoma cells (Anelli et al. 2008). An additional, very important mechanism that

controls SK/S1P signaling is S1P export from cells. The ABC family of transporters

and the spinster 2 (Spns2) transporter are known to be responsible for shuttling S1P

from the cell to the extracellular space whereby it can act on its receptors (Fig. 2)

(Kawahara et al. 2009; Kobayashi et al. 2009; Nieuwenhuis et al. 2010; Hisano et al.

2011, 2012). Importantly, expression levels and localization of transporters can affect

the amount of S1P exported and, in the case of cancers, can serve to pump out drugs as

well as pro-survival S1P, perhaps promoting the progression of disease (Fletcher et al.

2010). While many ligands are known to induce the activation of the SK/S1P
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pathway, the roles the SK/S1P pathway play in mediating ligand-induced cellular

events is of great interest, potentially allowing exploitation of the pathway as a

secondary target for therapeutic intervention.

9 Role of the SK/S1P Pathway in Mediating

EGF and TNF-α Biologies

Having previously focused on cytokine and growth factor mechanisms of SK/S1P

regulation, we will now explore the role of the SK/S1P pathway in mediating

growth factor- and cytokine-induced biologies. Not only is the SK/S1P signaling

pathway activated by other cell signaling molecules, such as TNF and EGF, but it

also functions as a mediator of TNF- and EGF-induced biologies. Many of the

ligands known to activate and utilize the SK/S1P pathway to carry out their

biological functions are also known to contribute to disease when deregulated:

TNF-α, EGF, TGF-β, and PDGF, for example. Development of TNF-α- and EGF-

targeted drugs has led to successful cancer and immunomodulatory therapies;

however, not everyone responds to these therapies and those who do may acquire

resistance during treatment. The role of the SK/S1P pathway in mediating many

TNF-α and EGF-induced biologies makes it an additional drug target in diseases

resulting from aberrant TNF-α or EGF signaling. The role of the SK/S1P pathway in

mediating EGF and TNF-α biologies and its capacity to serve as a therapeutic target

will be discussed.

9.1 Role of SK/S1P in EGF-Mediated Biologies

The SK/S1P pathway is used by numerous ligands to carry out vast cellular

functions, and intact SK/S1P signaling has been shown to be especially required

for mediating the biologies of growth factors (Table 1). It is not by coincidence that

EGF and S1P share overlapping functions, as SK/S1P signaling has been shown to

induce growth (Meng et al. 2011), survival (Meng et al. 2011), and motility

(Berdyshev et al. 2011) itself, as well as mediate EGF-stimulated calcium signaling

(Meyer zu Heringdorf et al. 1999), growth, survival, and motility (Doll et al. 2005).

Mentioned previously, EGF is known to induce activation, transcription, and

translocation of SK1 in numerous cell types. Activation of the SK/S1P pathway is

not a mere side effect of EGF treatment such that EGF activation of the SK/S1P

pathway has been shown to mediate MCF-7 and glioma cell growth and survival

(Doll et al. 2005); however, the best characterized role of the SK/S1P pathway in

EGF-mediated events stems from cell motility and invasion studies (Table 1).

For example, EGF activation and upregulation of the SK/S1P pathway have been

shown to be required for motility in MDA-MB-453, MCF10A, and MCF-7 breast

cancer cells (Table 1) (Hait et al. 2005; Sarkar et al. 2005; Martin et al. 2009).
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Also, EGF has been shown to promote invasion of glioblastoma cells through a

mechanism involving S1P3R (Hsu et al. 2012) and of MNK1 gastric cancer cells

via SK1-mediated c-Jun phosphorylation and upregulation of plasminogen activa-

tor inhibitor 1 (PAI-1) (Table 1) (Paugh et al. 2008). Similar to other ligands, EGF

employs the SK/S1P pathway as a mechanism for cellular evasion of apoptosis, and

this is supported by many studies. For example, inhibition of SK1 sensitized MCF-7

cells to chemotherapeutic agents (Sarkar et al. 2005). In addition, in glioma cells,

constitutively active EGFRVIII protects from apoptosis via upregulation of SK1

message and activity (Table 1) (Estrada-Bernal et al. 2011). Based on these studies,

it seems that the SK/S1P pathway may be an alternative or additional treatment

target for proliferative diseases, especially breast cancers and glioblastomas that do

not respond to currently available treatments.

EGF not only regulates the SK/S1P pathway in pathological processes but in

normal physiological functions as well, for example, regulation of trophoblast func-

tion. Trophoblasts are specialized cells that function in embryo implantation as well

as in nutrient delivery to developing embryos (Singh et al. 2012); furthermore, in

addition to JNK and p38 activation in trophoblasts, EGF stimulated SK1 activity

preventing apoptosis (Singh et al. 2012). Also, both EGF and S1P have been shown to

activate Na+/H+ exchanger activity in syncytiotrophoblasts, which is essential for

embryonic invasion of the uterine wall in order to establish a nutrient connection

(Johnstone et al. 2005); however, it remains to be determined if EGF regulates this

function in an SK/S1P-dependent manner. Given the role of EGF and S1P in invasion

(Hsu et al. 2012), and the connections between Na+/H+ exchangers and ezrin, radixin,

and moesin (ERM) proteins (Denker et al. 2000), it is possible that EGF induces the

invasion of syncytiotrophoblasts via SK/S1P-mediated activation of ERM proteins.

Indeed, we have found that EGF induces the invasion of HeLa cells via SK/S1P

activation of ERM proteins (unpublished results). While EGF has been known to

regulate ERM proteins for some time (Bretscher 1989; Krieg and Hunter 1992), our

lab has shown that it is through activation of the SK/S1P pathway (unpublished

results); therefore, a novel EGF-induced biology mediated by the SK/S1P pathway

is regulation of ERM proteins. The SK/S1P pathway has been shown to mediate EGF

signals in normal and disease processes and is a prime example of growth factor

regulation of the SK/S1P pathway.

9.2 Role of SK/S1P in TNF-α-Mediated Biologies

While many different ligands activate the SK/S1P pathway, TNF-α activation of

SK1 is quite well studied, and the signaling events and the biologies elicited by

TNF-α are perhaps the most intimately linked with the SK/S1P pathway. As

mentioned in the previous chapter, TNF-α activates the SK/S1P pathway on

numerous levels, and similar to EGF, the activation of SK and production of S1P

serve as major mediators of TNF-α-induced cellular events. TNF-α regulates

SK/S1P in many different cell lines (Table 2), with much of the work being done

in endothelial cells and cells of the immune system. Using HUVEC and HAEC,
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SK/S1P has been shown to mediate the TNF-stimulated expression of adhesion

molecules including E-selectin (Xia et al. 1998), VCAM (Xia et al. 1998), and

ICAM (Chen et al. 2004; Kang et al. 2006) (Table 2). Also in endothelial cells, in

response to TNF, SK/S1P has been shown to mediate transcription, activation, or

secretion of other inflammatory signaling molecules (Table 2) including MCP-1

(Chen et al. 2004), PGE2 (Pettus et al. 2003), IL-8 (Chandru and Boggaram 2007),

and eNOS (De Palma et al. 2006, 2008). Contributing to perpetuation of the

inflammatory response, TNF-α is also known to induce Cox2 expression, PGE2

production, and NFκB activation in an SK/S1P-dependent manner, although the

mechanisms by which this occurs have yet to be clearly defined (Table 2) (Pettus

et al. 2003; Billich et al. 2005). One study has identified phospholipase D (PLD) as

the mechanism by which TNF activates the SK/S1P pathway in order to induce

ERK and NFκB activation in monocytes (Sethu et al. 2008). Myogenesis of C2C12

myoblasts (Donati et al. 2007), proliferation of 1321N1 glioblastoma cells (Radeff-

Huang et al. 2007), priming of neutrophils (MacKinnon et al. 2002), MMP1α
(Bu et al. 2006; Baker et al. 2011) and IL-6 production (Wang et al. 2002; Baker

et al. 2010), and downregulation of the Na+/K+ ATPase (Dakroub and Kreydiyyeh

2012) are among other functions dictated by TNF-α and carried out by SK/S1P

signaling (Table 2).

Similar to that of EGF, TNF-α activates the SK/S1P pathway in order for cellular

evasion of apoptosis. Xia et al. first detected a role for the SK/S1P in evasion from

TNF-mediated apoptosis in HUVEC cells (Xia et al. 1998): addition of exogenous

S1P or phorbol ester-induced increases in S1P protected cells from TNF-mediated

apoptosis (Xia et al. 1998). In addition, RAW 264.7 cells were protected from TNF-

induced apoptosis in an SK/S1P manner such that knockdown of SK1 abrogated

increases in PGE2 and sensitized cells to apoptosis (Hammad et al. 2008). The role

of the SK/S1P pathway in mediating TNF-induced biologies emphasizes the

SK/S1P pathway as an attractive target for the development of drugs used to treat

diseases with important inflammatory components such as atherosclerosis, arthritis,

and diabetes.

10 Conclusions

While the SK/S1P pathway is involved in numerous cellular events, the mechanisms

of its regulation have yet to be fully elucidated. A better understanding of the manner

in which this pathway is regulated may potentially reveal druggable targets for the

treatment of diseases known to possess important SK/S1P signaling components.
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Abstract Ceramide is released from sphingomyelin primarily by the activity of

acid, neutral, or alkaline sphingomyelinases or is synthesized de novo. Several

bacteria, viruses, and even parasites infect mammalian cells by exploiting the acid

sphingomyelinase or the neutral sphingomyelinase-ceramide system, or both.

Sphingomyelinases and ceramide have been shown to be crucially involved in

the internalization of pathogens, the induction of apoptosis in infected cells, the

intracellular activation of signaling pathways, and the release of cytokines. The

diverse functions of ceramide in infections suggest that the sphingomyelinase-

ceramide system is a key player in the host response to many pathogens.
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1 Neisseria gonorrhoeae (N. gonorrhoeae)

The first studies on the function of the acid sphingomyelinase-ceramide system

in bacterial infections investigated the role of this system in the invasion of

N. gonorrhoeae into human epithelial cells (Grassmé et al. 1997). N. gonorrhoeae
cause the human venereal disease gonorrhea. During the course of infection, these

bacteria interact with a variety of human cell types, including epithelial cells and

phagocytes. Actin filament-dependent entry of N. gonorrhoeae into human mucosal

epithelial cells is considered to be a crucial event during infection (McGee et al.

1983; Apicella et al. 1996; Grassmé et al. 1996). This event is mediated by outer

membrane proteins, the so-called opacity-associated (Opa) proteins (Lambden et al.

1979; Stern et al. 1986; Makino et al. 1991). Specific Opa variants mediate the

binding of the microorganisms to heparan sulfate proteoglycan (HSPG) receptors

on epithelial cells, and this binding leads to the uptake of the pathogen (Chen et al.

Fig. 1 Diagram of the signaling events involved in the internalization of N. gonorrhoeae
into nonphagocytic cells. Invasive opacity-associated (Opa) protein variants bind to receptors

belonging to the syndecan family and to unknown co-receptors. This binding leads to the activa-

tion of acid sphingomyelinase (ASM), which in turn generates ceramide from sphingomyelin.

Finally, ceramide affects various target molecules, such as JNK/p38 kinase. The inhibition of acid

sphingomyelinase, either inherently by genetic deficiency or pharmacologically by imipramine,

prevents infection of the cells with N. gonorrhoeae (Modified from Grassmé et al. (1997), with

permission from Cell Press)

306 H. Grassmé and K.A. Becker



1995; van Putten and Paul 1995). Initial studies aimed at identifying the

cellular mechanisms involved in this process showed that stimulation of

acid sphingomyelinase is crucial for gonococcal entry into epithelial cells and

fibroblasts. Pharmacological inhibition of acid sphingomyelinase by imipramine

prevents the invasion of N. gonorrhoeae into epithelial cells. Additionally, acid

sphingomyelinase-deficient fibroblasts obtained from patients with Niemann–Pick

disease type A (NPDA), who lack acid sphingomyelinase because of an inborn

genetic defect, did not internalize Opa-expressing HSPG-specific gonococci. The

uptake of N. gonorrhoeae by these fibroblasts was restored by transfection with acid
sphingomyelinase (Grassmé et al. 1997). These studies demonstrated that acid

sphingomyelinase and ceramide play a crucial role in the infection of human

epithelial cells with N. gonorrhoeae.
Additional studies with human neutrophils demonstrated that the acid

sphingomyelinase-ceramide system is also necessary for the opsonin-independent

uptake of N. gonorrhoeae into human phagocytes via carcinoembryonic antigen-

related cellular adhesion molecule (CEACAM) receptors (Hauck et al. 2000).

Infecting these cells with invasive Opa variants of N. gonorrhoeae results in the

rapid activation of acid sphingomyelinase and various kinases, such as Src-like

tyrosine kinases and Jun N-terminal kinases (JNK). Pharmacological inhibition of

acid sphingomyelinase by imipramine prevents both the internalization of the

bacteria into macrophages and the activation of Src-like tyrosine kinases and JNK

(Hauck et al. 2000).

In summary, these findings showed for the first time that acid sphingomyelinase

and ceramide play a central role in the infection of human cells with a bacterial

pathogen (Fig. 1).

2 Staphylococcus aureus (S. aureus)

Although acid sphingomyelinase and ceramide mediate the internalization of

N. gonorrhoeae into epithelial cells and macrophages, the enzyme has been

shown to be involved in the induction of cell death after endothelial cells, and

fibroblasts have been infected with S. aureus (Esen et al. 2001). S. aureus very

often causes nosocomial infections, such as pneumonia and wound infections.

These diseases can result in sepsis and toxigenic diseases, including toxic shock

syndrome (Lowy 1998; Chesney 1989). The cocci are not considered to be typical

intracellular pathogens, but their uptake into mammalian cells results in the induc-

tion of apoptosis in epithelial and endothelial cells (Menzies and Kourteva 1998;

Bayles et al. 1998). Apoptosis, or programmed cell death, is an important active

cellular mechanism that is induced by a wide variety of stimuli, including stress

stimuli, death receptors such as the endogenous CD95/CD95 ligand system, and

infections with microbes (Thompson 1995; Gulbins et al. 1995), such as S. aureus
(Menzies and Kourteva 1998), Shigella flexneri (Zychlinsky et al. 1994), Yersinia
enterocolitica (Monack et al. 1997; Ruckdeschel et al. 1997), Salmonella spp.
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(Hersh et al. 1999), enteropathogenic Escherichia coli (Crane et al. 1999), and

Pseudomonas aeruginosa (Hauser and Engel 1999; Grassmé et al. 2000). Apoptosis

involves the activation of several cellular molecules, including caspases and stress-

activated protein kinases, and the release of cytochrome c from the mitochondria

into the cytosol (Takahashi 1999; Kroemer et al. 1998; Green and Reed 1998). Acid

sphingomyelinase and ceramide have been demonstrated to be important in many

forms of programmed cell death (Basu and Kolesnick 1998). It has been shown that

ceramide functions in apoptosis by forming ceramide-enriched membrane domains

that cluster receptor molecules and thereby facilitate the activation of downstream

signals (Grassmé et al. 2001). For S. aureus, Esen et al. (2001) showed, for the first

time, that the induction of endothelial cell apoptosis involves the activation of

acid sphingomyelinase and the resultant release of ceramide, which mediates the

stimulation of cellular caspases and JNK and triggers the release of cytochrome c

from mitochondria to the cytosol. The central role of acid sphingomyelinase in this

process is indicated by the finding that S. aureus-triggered apoptosis is prevented in
acid sphingomyelinase-deficient fibroblasts obtained from NPDA patients and in

cells in which JNK and caspases have been pharmacologically inhibited.

3 Pseudomonas aeruginosa (P. aeruginosa)

Several studies have demonstrated that acid sphingomyelinase and ceramide play a

central role in the infection of mammalian cells with P. aeruginosa. Many

investigations have shown that ceramide-enriched membrane platforms are crucial

for the infection of epithelial cells with P. aeruginosa. P. aeruginosa infections are
most important in patients with cystic fibrosis but are also serious for immunocom-

promised patients, patients with burn wounds, and patients with sepsis or ventilator-

associated pneumonia (CF Patient Registry 2010; Crouch Brewer et al. 1996; Keen

et al. 2010; McManus et al. 1985; Sadikot et al. 2005; Vidal et al. 1996). In addition,

many patients with chronic obstructive pulmonary disease also experience pulmo-

nary P. aeruginosa infections.

The infection of mammalian cells by this pathogen triggers rapid activation of

acid sphingomyelinase, and this activation is correlated with the translocation of

the enzyme to the bacterial infection site on the extracellular leaflet of the cell

membrane (Grassmé et al. 2003) (Fig. 2).

Surface sphingomyelinase converts sphingomyelin to ceramide, which sponta-

neously fuses to small and, subsequently, to large ceramide-enriched membrane

domains. Ceramide-enriched membrane domains have been shown to be crucial for

the internalization of P. aeruginosa into epithelial cells and fibroblasts, the induc-

tion of death of infected cells, and the controlled release of cytokines (Grassmé

et al. 2003). At present, it is not known how ceramide-enriched membrane

platforms may regulate these events, but it is possible that such regulation is due

to the clustering of cystic fibrosis conductance regulator (Cftr) and CD95 (Grassmé

et al. 2003). The notion that ceramide-enriched membrane platforms cluster Cftr is

consistent with findings demonstrating that Cftr concentrates in the raft fraction
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after infection (Kowalski and Pier 2004). Furthermore, pharmacological destruc-

tion of rafts after P. aeruginosa infection prevents both the internalization of the

bacteria into pulmonary epithelial cells and the nuclear translocation of nuclear

factor-kappaB (NF-κB) in respiratory epithelial cells (Kowalski and Pier 2004).

Because CD95 triggers the death of epithelial cells after infection with

P. aeruginosa (Grassmé et al. 2000), it is very likely that the clustering of CD95

in ceramide-enriched membrane platforms induces apoptosis. Consistent with this

notion is the finding that a genetic deficiency of acid sphingomyelinase prevents

cell death in vitro and in vivo after infection with P. aeruginosa (Grassmé et al.

2003). The role of ceramide-enriched membrane platforms in the control of cyto-

kine release (Grassmé et al. 2003) is much less defined, and the mechanisms

involved remain to be elucidated.

Studies using mice genetically deficient in acid sphingomyelinase demonstrated

that the acid sphingomyelinase-ceramide system plays an important role in vitro

and in vivo after pulmonary infection with P. aeruginosa (Grassmé et al. 2003).

The in vivo studies showed that acid sphingomyelinase-deficient mice are highly

susceptible to pulmonary P. aeruginosa infections. These mice were unable to clear

Fig. 2 The infection of epithelial cells by P. aeruginosa results in the activation of acid

sphingomyelinase and in its translocation onto the extracellular leaflet of the membrane. In this

figure, acid sphingomyelinase was stained with an anti-acid sphingomyelinase antibody coupled

with nanogold and was visualized by scanning electron microscopy
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the bacteria after an acute infection; thus, the infection became generalized, sepsis

developed, and the mice died (Grassmé et al. 2003). Studies using freshly isolated

alveolar macrophages demonstrated that acid sphingomyelinase and ceramide are

required for the clustering and activation of nicotinamide adenine dinucleotide

phosphate-oxidase (NADPH) oxidases and the production of reactive oxygen

species (ROS) that kill P. aeruginosa (Zhang et al. 2008). Whether the acid

sphingomyelinase-ceramide system is also required for the formation of reactive

oxygen species in epithelial cells of the lung is presently unknown. However, the

failure of acid sphingomyelinase-deficient cells to cluster and activate NADPH

oxidases may be the reason for the high susceptibility of these mice to pulmonary

infections with P. aeruginosa. This high susceptibility may also be linked to the

inability of acid sphingomyelinase-deficient cells to internalize the bacteria and to

undergo apoptosis (Grassmé et al. 2003). Most of the events described above, e.g.,

internalization of the bacteria and induction of cell death, require expression of the

type III secretion system in P. aeruginosa (Galán and Collmer 1999). Mutants of

P. aeruginosa that lack the type III secretion system fail to trigger death and also

fail to invade epithelial cells (Jendrossek et al. 2003). Although it is unknown

whether ceramide-enriched membrane platforms play a role in the transfer of

bacterial proteins into mammalian host cells via the type III secretion system, an

interesting speculation suggests that the specific environment of ceramide-enriched

Fig. 3 Model of the signaling cascade induced by infecting nonphagocytic host cells with

P. aeruginosa. The binding of the bacteria to their putative receptor leads to the activation of

acid sphingomyelinase (ASM), the release of ceramide, and the formation of ceramide-enriched

membrane platforms that enable the pathogen to interact with host cells and determine the

response of the host cell to the pathogen
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membrane platforms permits the adhesion, penetration, or both of the multi-protein

complex that composes the bacterial type III secretion system (Fig. 3).

4 Listeria monocytogenes (L. monocytogenes)

L. monocytogenes are facultative intracellular bacteria that cause listeriosis. This

disease affects, in particular, pregnant women, neonates, and immunocompromised

patients and is characterized by several clinical features, such as mild gastrointestinal

symptoms, and by spontaneous abortion, sepsis, perinatal infections, and meningo-

encephalitis. These differing aspects of the disease are due to the ability of the

pathogen to cross several barriers in the host and to enter a wide variety of

mammalian cells (Vázquez-Boland et al. 2001). After being taken up into host

macrophages, L. monocytogenes are rapidly killed in preactivated cells; however, in
quiescent cells, the bacteria can lyse the phagosomal membrane. This lysis is

mediated by a pore-forming toxin, i.e., listeriolysin O, and by the concerted action

of cellular phospholipases that ultimately allow the pathogens to escape into the

cytoplasm, where they replicate inside the cell. By avoiding phagolysosomal fusion

and thereby preventing degradation by lysosomes, L. monocytogenes spread from

one cell to the next and escape the humoral immune response (Cossart et al. 1989;

Goldfine and Wadsworth 2002; Portnoy et al. 1988; Schnupf and Portnoy 2007).

Acid sphingomyelinase-deficient mice are highly susceptible to infection with

L. monocytogenes, failing to kill the intracellular bacteria in macrophages

(Utermöhlen et al. 2003). Further studies show that the acid sphingomyelinase-

ceramide system is necessary if bacteria-containing late phagosomes are to fuse

properly with lysosomes. Phagosome maturation occurs stepwise by sequential

fusion of the phagosome with endosomes and finally with lysosomes; this fusion

results in the degradation of pathogens. Several lysosomal proteases and hydrolases

are responsible for effective control of the pathogens (Haas 2007). In acid

sphingomyelinase-deficient macrophages, the transfer of lysosomal markers such

as Lamp1 from the lysosome to the phagosome is delayed, and the activities of

listericidal proteases such as cathepsin D, B, and L are decreased because of the

reduced ability of the membranes to fuse with each other (Utermöhlen et al. 2008;

Schramm et al. 2008). In wild-type macrophages, acid sphingomyelinase-derived

ceramide enhances the fusion of biomembranes (e.g., the fusion of lysosomal and

phagosomal membranes) because of its cone-shaped structure (Utermöhlen et al.

2008). In summary, acid sphingomyelinase-derived ceramide mediates the efficient

fusion of L. monocytogenes-containing phagosomes with lysosomes by enhancing

the activation of bactericidal cathepsins, such as cathepsin D (Heinrich et al. 1999),

and the transfer of lysosomal hydrolases that lead to efficient killing of the bacteria.

In contrast, acid sphingomyelinase is not necessary for the uptake of L. mono-
cytogenes in vivo or in vitro (Utermöhlen et al. 2003).
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5 Salmonella enterica serovar typhimurium (S. typhimurium)

Human infections with S. typhimurium are manifested as nontyphoidal gastroenteritis

that resolves spontaneously without antibiotic treatment. In immunocompromised

patients, however, the disease may lead to severe consequences. In mice,

S. typhimurium causes a serious infection that resembles typhoid fever in humans,

and the mouse model is preferentially used as a model for systemic Salmonella
infections in humans. If bacteria are ingested with contaminated water or food,

they enter Peyer’s patches and undergo rapid phagocytosis. An important virulence

factor of S. typhimurium is the ability to reside in macrophages by preventing the

lysosomal maturation of the phagosomes (Oh et al. 1996; McCollister et al. 2005).

In this way, S. typhimurium differs from L. monocytogenes, which rapidly escape

from the acidified phagosome into the cytoplasm (Cossart et al. 1989). The survival

of S. typhimurium within the lysosomal compartment of macrophages is closely

associated with the Salmonella pathogenicity island 2 (SPI2) type III secretion

system, which translocates bacterial proteins across the phagosomal membrane into

the host cell cytoplasm (Shea et al. 1996; Kuhle and Hensel 2002; Miao and Miller

2000). This effective system allows the pathogen to avoid contact with lysosomal

enzymes and prevents killing of the pathogen by the active NADPH phagocyte

oxidase enzymatic complex (Chakravortty et al. 2002; Uchiya et al. 1999;

Vázquez-Torres et al. 2000). Studies of molecular mechanisms in the infection

process of macrophages by S. typhimurium have shown that acid sphingomyelinase

is associated with the host defense against these bacteria: Investigations by

McCollister et al. (2007) found that constitutive expression of acid sphingomyelinase

is important for the killing of S. typhimurium by macrophages, as indicated by the

finding that acid sphingomyelinase-deficient macrophages were much less able than

wild-type macrophages to kill S. typhimurium, which was mediated by a defect

NADPH-mediated release of ROS in acid sphingomyelinase-deficient cells.

Acid sphingomyelinase is found in cellular and secreted forms in mammalian

cells. These variations appear to reflect posttranslational processing of the primary

gene product (Ferlinz et al. 1994). The secreted form of acid sphingomyelinase is

stimulated by Zn2+, whereas the lysosomal form is not (Schissel et al. 1996).

Human macrophages, fibroblasts, and endothelial cells can secrete substantial

amounts of acid sphingomyelinase (Marathe et al. 1998). Like Escherichia coli,
another enterobacterial species, S. typhimurium, induces the secretion of acid

sphingomyelinase during phagocytosis (McCollister et al. 2007). In contrast, the

infection of host cells with bacteria such as N. gonorrhoeae does not induce acid

sphingomyelinase secretion (Grassmé et al. 1997; Hauck et al. 2000). At present

it is not known how secreted acid sphingomyelinase is involved in the host

defense system.

Studies by Utermöhlen et al. (2003) showed that acid sphingomyelinase not only

participates in the killing of S. typhimurium by phagocytes in vitro but also mediates

the resistance of mice to S. typhimurium infection in vivo, as indicated by
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the finding that acid sphingomyelinase-deficient mice are highly susceptible to

infection with S. typhimurium.

6 Escherichia coli (E. coli)

E. coli are ubiquitous bacteria that are widespread in various environments, includ-

ing the gastrointestinal tract of humans. Although these bacteria are opportunistic,

E. coli can cause a variety of infectious diseases, including urinary tract infections,
meningitis, wound infections, and sepsis (Gyles 1992). Sepsis is a life-threatening

disease and is often followed by endotoxic shock, one of the most common causes

of death in the industrialized world (Angus et al. 2001). This disorder is due

primarily to systemic infection with Gram-negative bacteria such as E. coli.
Lipopolysaccharide (LPS), a potent inflammatory glycolipid in the outer membrane

molecule of E. coli andmany other Gram-negative bacteria, triggers both sepsis and

endotoxic shock (Morrison and Ryan 1987; Bone 1991). LPS acts by activating a

variety of messenger molecules, including protein kinases, cytokines, and acid

sphingomyelinase-derived ceramide (Narumi et al. 1992; Hambleton et al. 1996;

Herrera-Velit and Reiner 1996; Barber et al. 1996). One of the hallmarks of sepsis and

endotoxic shock is the destruction of dendritic cells and endothelial cells by apoptosis

(Haimowitz-Friedman et al. 1997; Kanto et al. 2001). Ceramide has been shown to

trigger apoptosis in many cell types, thereby contributing to the effects induced by

death-receptor activation or physical stimuli (Grassmé et al. 2001; Kolesnick and

Krönke 1998; Levade and Jaffrézou 1999; Pettus et al. 2002). Recent studies have

shown that immature dendritic cells undergo apoptosis when treatedwith high doses of

E. coli or LPS, a process that contributes to the development of sepsis (Falcone

et al. 2004). The induction of apoptosis is dependent on the activity of acid

sphingomyelinase, as demonstrated by the finding that pharmacological inhibition by

imipramine prevents apoptosis in these cells and that apoptosis is in turn restored by the

administration of exogenous ceramide. Acid sphingomyelinase-dependent apoptosis is

inhibited by nitric oxide (NO), which is generated by inducible NO synthase (iNOS).

This pathway involves the formation of cyclic guanosinemonophosphate (cGMP) and

the stimulation of the cGMP-dependent protein kinase (G-kinase). Falcone et al.

(2004) showed that the mechanism by which NO acts is the inhibition of acid

sphingomyelinase. This finding was confirmed in an in vivo model using

iNOS-deficientmice. Dendritic cells from thesemicewere very sensitive to apoptosis

but were protected by exposure to exogenous NO/cGMP or imipramine. Thus, the

acid sphingomyelinase-ceramide system plays a central role in E. coli/LPS-induced
apoptosis of dendritic cells and is regulated by NO/cGMP.

Besides damaging dendritic cells, endothelial cell apoptosis also plays a crucial

role in the pathogenesis of endotoxic shock syndrome. Studies have shown that this

LPS-inducible process is mediated by tumor necrosis factor alpha (TNFα), a putative
effector of LPS, and by the generation of ceramide via acid sphingomyelinase

(Haimowitz-Friedman et al. 1997). In contrast to wild-type mice, acid

sphingomyelinase-deficient mice were protected against LPS-induced endothelial
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cell apoptosis, exhibited a reduced increase in TNFα, and survived endotoxic shock
syndrome.

Toll-like receptor 4 (TLR4) is a well-known receptor of LPS from Gram-negative

bacteria (Takeda and Akira 2004). TLR4 signaling leads to the production of various

cytokines and NF-κB, thereby inducing the activation of the adaptive immune system

(Martin and Wesche 2002). However, the role of ceramide metabolites in LPS

signaling still requires definition (Cuschieri et al. 2007; Pfeiffer et al. 2001;

MacKichan and DeFranco 1999). The results of several studies have suggested that

ceramide promotes CD14/TLR4-mediated signaling, probably by forming ceramide-

enriched domains that serve to reorganize the receptors. The role of endogenous

ceramide-1-P in LPS signaling remains to be clarified (Hankins et al. 2011).

7 Pathogenic Mycobacteria

Mycobacterial species include pathogenic bacteria, such as Mycobacterium tuber-
culosis (M. tuberculosis) andMycobacterium avium (M. avium), and nonpathogenic
bacteria, such as Mycobacterium smegmatis (M. smegmatis). The bacteria that

reach the lung via aerosols are ingested by alveolar macrophages. A characteristic

feature of pathogenic Mycobacteria is that they reside in macrophages within

phagosomes. The bacteria can prevent the fusion of this phagosome with late

endosomes and lysosomes. As a consequence, they survive and replicate in

macrophages (Russel 2001; Oh et al. 1996). Infected macrophages, together with

epithelioid macrophages and multinucleated giant cells, become organized in

granulomas in infected tissues, such as liver, spleen, and lung (Russel 2007).

It was recently shown that for M. avium, the formation of multinucleated

giant cells in the granuloma requires acid sphingomyelinase expression. Acid

sphingomyelinase-deficient mice infected with M. avium fail to form giant cells.

Instead, infected tissues contain only small, clearly delimited granulomas. Acid

sphingomyelinase-deficient mice are more resistant to lethal infections with

M. avium than wild-type mice (Utermöhlen et al. 2008).

Human tuberculosis (TB), caused byM. tuberculosis, is still one of the deadliest
infectious diseases worldwide (Dye et al. 2008). This disease progresses from

latent TB, in which granulomas are controlled by the immune system, to the active

form of TB, in which caseation of the granuloma is increased. The granulomas

become necrotic because of the death of infected macrophages, and this necrosis

results in rupture into the lung airway and the release of many free infectious rods

(Dannenberg and Sugimoto 1976; Dannenberg 1994; Russel et al. 2009). The

increased caseation of the granulomas seems to be associated with a shift in

the host’s lipid metabolism and the accumulation of specific lipids within the

granulomas. Biochemical analysis revealed high concentrations of distinct neutral

lipids, as well as an accumulation of cholesterol ester, cholesterol, triacylglycerol,
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and lactosylceramide (Kim et al. 2010). Lactosylceramide is an intermediate of

the glycosphingolipid metabolism and is generated either by increased activity of

ceramide synthase or by a decrease in complex ceramides (Kolter and Sandhoff

2005; Chatterjee and Pandey 2008). Lactosylceramide has been found to play a role

in the degradation of cholesterol and in cell death (Chatterjee et al. 1997; Garner

et al. 2002). In vitro,M. tuberculosis seems to trigger a similar dysregulation of host

lipid metabolism in macrophages.

Anes et al. (2003) showed that several lipids are responsible for killingM. avium
andM. smegmatis in macrophages by modulating the macrophage’s innate immune

response against the bacteria. Among other lipids, sphingomyelin and ceramide can

trigger actin nucleation on phagosomes and probably also on other membranes,

such as the plasma membrane, thereby promoting phagolysosomal fusion and

enhancing mycobacterial killing. In contrast to those of several other tested lipids,

the mycobactericidal properties of ceramide do not require the activation of NF-κB,
one of the key transcription factors stimulated during the inflammatory process.

In conclusion, these findings suggest that lipids such as sphingomyelin and cer-

amide can modulate both the proinflammatory response and the state ofMycobacteria

in macrophages (Gutierrez et al. 2009).

8 Summary

Lipid-mediated signaling initiated by sphingomyelinases, which hydrolyze

sphingomyelin to ceramide, is recognized as a crucial component in diverse cellular

processes. In particular, acid sphingomyelinase has been shown to be crucially

involved in the host response to N. gonorrhoeae, S. aureus, L. monocytogenes,
P. aeruginosa, S. typhimurium, E. coli, and M. avium. Acid sphingomyelinase

deficiency in the target cells often leads to increased susceptibility to these

pathogens. Acid sphingomyelinase is involved in killing bacteria predominantly

by facilitating the activation of NADPH oxidases, the internalization of pathogens,

the intracellular processing of phagosomes, in particular phagolysosomal fusion,

and the induction of apoptosis in infected host cells. Ceramide seems to trigger

these diverse biological effects by modifying the biophysical properties of

membranes, thereby resulting in the formation of ceramide-enriched membrane

platforms that serve to trap and cluster receptor molecules and in the fusion of

membranes from various vesicles, such as phagosomes and lysosomes. Whether

ceramide directly acts on signaling molecules that are important for the

pathogen–host interaction is presently unknown. Because of the central role of

the acid sphingomyelinase-ceramide system in the infection of mammalian cells

by pathogens, this system may serve as a future target for the development of

anti-infective drugs.
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Abstract Besides their essential role in the immune system, sphingolipids and

their metabolites are potential key regulators in the life cycle of obligatory intracel-

lular pathogens such as viruses. They are involved in lateral and vertical segrega-

tion of receptors required for attachment, membrane fusion and endocytosis, as well

as in the intracellular replication, assembly and release of viruses. Glycosphin-

golipids may themselves act as receptors for viruses, such as Galactosylceramide

for human immunodeficiency virus (HIV). In addition, sphingolipids and their

metabolites are inseparably interwoven in signal transduction processes, dynamic

alterations of the cytoskeleton, and the regulation of innate and intrinsic responses

of infected target cells. Depending on the nature of the intracellular pathogen, they

may support or inhibit infections. Understanding of the underlying mechanisms

depending on the specific virus, immune control, and type of disease may open new

avenues for therapeutic interventions.
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Abbreviations

ASMase Acidic sphingomyelinase

bSMase Bacterial sphingomyelinase

BVDV Bovine viral diarrhea virus

CRAC Ca2+ release-activated Ca2+

DC Dendritic cell

DC-SIGN DC-specific intercellular adhesion molecule-3-grabbing non-integrin

DRM Detergent-resistant membrane domain

Gal-Cer Galactosylceramide

Gb3 Gal1α1-4Gal1β1-4 glucosyl ceramide or globotriaosylceramide, also

referred to as pk blood group antigen or CD77

Gb4Cer Globotetraosylceramide

GSL Glycosphingolipid

HCV Hepatitis C virus

HCMV Human cytomegalovirus

HIV Human immunodeficiency virus

JEV Japanese encephalitis virus

LCMV Lmphocytic choriomeningitis virus

MV Measles virus

NEM N-ethylmaleimide

NSMase Neutral sphingomyelinase

PPMP 1-Phenyl-2-hexadecanoylamino-3-morpholino-1-propanol

PBMC Peripheral blood mononuclear cell

RV Rhinovirus

RSV Respiratory syncytial virus

S1P Sphingosine 1-phosphate

SINV Sindbis virus

SMase Sphingomyelinase

1 Introduction

In addition to protein sorting, the dynamic sorting of lipids and mutual interdepen-

dence of both led—and continues to do so—to a refined vision on how membrane

dynamics impacts on cellular processes such as vesicular transport and biogenesis, as

especially important in endo- and exocytosis. The mechanistic understanding of

lateral and vertical sorting of proteins associated with that of lipids has proven to be

highly instrumental in the regulation of assembly and activity of signaling
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macromolecular complexes conveying extracellular signals, thereby essentially

regulating key cellular processes such as activation, differentiation, and survival.

Sphingolipids are major membrane lipid constituents, and as such, their biogenesis,

modifications, and turnover (the biology of which is reviewed elsewhere in this

book) are tightly linked to these processes all involving membrane dynamics.

Moreover, the local segregation of sphingolipids and their metabolites directly

affects biophysical properties of the membrane at a local basis regulating membrane

deformation, vesiculation, and fusogenicity (Goni and Alonso 2002; Simons and

Gerl 2010; Trajkovic et al. 2008; Utermohlen et al. 2008; Zhang et al. 2008).

Given these properties, it is obvious that sphingolipids and their metabolites are

potential key regulators in the life cycle of obligatory intracellular pathogens such

as viruses. Most evidently, this will extend to lateral or vertical segregation of

receptors required for attachment, fusion, and entry. The latter processes can be

directly influenced at the entry site by alterations of membrane fluidity or polarity,

which may or may not provide an environment for fusogenic or endocytic uptake

and subsequent sorting to specific subcellular compartments. Though formally

proven for a limited number of viruses yet, it is conceivable that membrane-

associated viral replication and assembly of viral components rely on defined

lipid compositions, and this also refers to the selection of sites of particle formation.

It will be within the first part of this chapter where we review the current

knowledge of the role of sphingolipids on viral replication at a molecular level. The

second part will address issues relating their role in viral pathogenesis, which will

focus on the impact of regulated sphingolipid breakdown on virus–host cell

interactions and antiviral defense mechanism with particular focus on immunologi-

cally relevant targets. Finally, we will briefly extend on the therapeutic potential of

strategies targeting sphingolipids yet will not extend on their role as vaccine

adjuvants, which will be reviewed elsewhere in this issue.

2 Sphingolipids in Viral Uptake and Replication

The vast majority of findings relating to the role of sphingolipids in the viral life

cycle deal with their property to mediate or regulate viral entry into target cells. For

this, they may themselves serve as (co-)receptors as detailed for glycosphingolipids

(GSLs) below and regulate lateral or vertical segregation of receptor proteins by

altering biophysical properties of the membrane, by providing an environment

supporting endocytosis and/or fusion, or by modulating actin dynamics as often

required in viral entry processes.

2.1 Role of Globo Receptors in Viral Uptake

Aswell-established, the entry of HIV into T cells, monocytes, or dendritic cells (DCs)

relies on binding of its envelope protein gp120 to CD4, thereby promoting a

conformational change within the gp120 variable loop 3 (V3 loop) that is essential
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for interaction with its co-receptors CXCR4 or CCR5, respectively, and subsequent

membrane fusion [recently reviewed in Caffrey (2011) and Cosset and Lavillette

(2011)]. V3 loops, however, also harbor a motif interacting with the carbohydrate

moieties of GSLs, of which Gb3 (Gal1α1-4Gal1β1-4 glucosylceramide or globotriao-

sylceramide, also referred to as pk blood group antigen or CD77) and galactosyl-

ceramide (Gal-Cer, binding to both the gp120 and the gp41 subunit of the HIV env

protein, see below) have mainly been investigated for their role in modulating HIV

infection. In contrast to the binding to chemokine receptors, gp120 binding to GSLs

does not require prior CD4 interaction, and it has been suggested that the smaller size

of GSLs might render gp120 interaction independent of conformational changes

within the V3 loop (Hammache et al. 1998b; Lingwood et al. 2010b). Interestingly,

all GSLs bind within the V3 loop close to the center of the chemokine binding site,

and thus might differentially regulate HIV fusion and uptake. Under certain

conditions, Gb3 may either inhibit or promote fusion between viral and host cell

membranes (see below). In line with the importance of GSLs in HIV pathogenesis,

they have been implicated in HIV uptake into CD4 negative cells such as mucosal

epithelial cells, in transcytosis, and HIV transmission to T cells or DCs [(Cook et al.

1994; Hammache et al. 1998a), and see below]. Moreover, HIV entry into target cells

is highly sensitive to compounds affecting GSL biosynthesis such as 1-phenyl-2-

hexadecanoylamino-3-morpholino-1-propanol (PPMP), which inhibits conversion

of ceramide into glucosylceramide by glucosyltransferase (Puri et al. 2004), and

to variations in cellular GSL contents (Rawat et al. 2004).

In mammalian cells, GSLs differ with regard to the length of their fatty acid

chains, which has always even numbers and predominantly ranges between C16 and

C24, sometimes longer. They usually reside outside classical rafts, and the bioavail-

ability of their carbohydrate region for ligand binding is strongly dependent on the

surrounding lipid environment, which has been referred to as “aglycone modula-

tion” (Lingwood et al. 2011). This has, for instance, been illustrated for the shiga

toxins (verotoxins 1 and 2, VT1 and VT2), which bind to Gb3 with differential

affinity that is sensitive to high cholesterol conditions (Khan et al. 2009; Lingwood

et al. 2011). VT toxicity relies on retrograde transport to the Golgi after binding to

Gb3 yet is completely dependent on Gb3 raft association, while Gb3 interaction

outside rafts results in VT internalization followed by degradation and inactivation.

In vitro studies involving model membranes such as detergent-resistant mem-

brane domain (DRM) vesicles or Gb3 monolayers revealed that gp120 mirrored

binding characteristics with VT1 with regard to the fatty acid moiety in that C16, C22,

and C24 Gb3 isoforms efficiently bound, while C18 and C20 were not recognized and

acted as dominant negatives in lipid mixtures. Lipid mixture experiments also clearly

supported the aglycone concept revealing modulation of ligand binding by lateral

interaction of GSL fatty isoforms within the bilayers (Mahfoud et al. 2009).

Inasmuch the similarities found for gp120 and VT1 binding in vitro translate into

in vivo conditions are as yet unclear, because in tissues, monomeric gp120 preferen-

tially binds Gb3 in non-raft fractions (Khan et al. 2009), and binding characteristics

may differ for the biologically active trimeric gp120 (Lingwood et al. 2010a, b).
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The enhancing effect of Gb3 for HIV infection has been shown in cells which

had remained insensitive to infection in spite of CD4 expression or after Gb3

ablation in CD4-expressing cells (Hug et al. 2000; Puri et al. 1998) (Fig. 1a). In

line with a role of Gb3 in HIV entry into target cells, adamantly-Gb3 (a soluble

Gb3-mimic, in which the ceramide moiety is replaced by a rigid adamantane

hydrocarbon frame) efficiently prevented infection of primary lymphoid cells by

both CXCR4 and CCR5 tropic HIV strains in vitro including those resistant to other

fusion inhibitory drugs such as T20 (Lund et al. 2006). Surprisingly, Gb3 can also

act as resistance factor for HIV infection. Thus, peripheral blood mononuclear cells

(PBMCs) accumulating high levels of Gb3 due to an α-galactosidase defect

(in Fabry disease) are resistant rather than hypersensitive to in vitro infection

with CCR5 tropic HIV strains, while the susceptibility to CXCR4 tropic strains is

equivalent to that of healthy controls (Lund et al. 2005). A study involving PBMCs

isolated from healthy controls based on their association to the P blood group

system (with p lacking, Pk having normal, and P1K having high Gb3 levels)

confirmed the inverse correlation between Gb3 levels and susceptibility to HIV

infection, and this did not differ for CXCR4 and CCR5 tropic strains (Lund et al.

2009). Finally, interference of high Gb3 levels on HIV infection was also observed

in cell lines where levels of Gb3 were constitutively high exogenously modified

Fig. 1 Sphingolipids in regulating HIV attachment and entry. (a) At the level of the plasma

membrane, globotriaosylceramide (Gb3) can either enhance (by trapping the V3 loop of gp120,

thereby concentrating viral particles under conditions where receptor expression is low) or inhibit

HIV entry [under high Gb3 conditions by preventing insertion of the fusion moiety (gp41)].

(b) Similar as for Gb3, Gal-Cer can support HIV entry into CD4 dim or negative epithelial cells

yet also act in viral transcytosis through epithelial barriers or in viral trapping by DCs, both

followed by transmission to T cells. (c) Accumulation of plasma membrane ceramides interferes

with lateral motility of HIV attachment (CD4) and fusion co-receptors (chemokine receptors) and

thus prevents fusion-mediated uptake and favors endocytosis. (d) SMase activation can effectively

prevent actin cytoskeletal integrity and dynamics, both of which are essential in entry of most,

if not all, viruses in supporting, for instance, endocytic uptake, membrane extensions, receptor

clustering, and formation of virological synapses
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by genetic interference (Ramkumar et al. 2009). Based on these observations,

the inhibitory activity of synthetic Gb3 on HIV infection has been proposed to act

at the level of plasma membrane insertion associated with an increase of the Gb3

level (Harrison et al. 2010). Though not supported by direct experimental evidence

as yet, it is most likely that the differential effect of Gb3 on HIV infection may best

be explained by a combination of overall expression level and turnover, compart-

mentalization to membrane microdomains, and accessibility, all of which may be

highly dependent on type and activation status of the respective host cell analyzed.

The effect of globosylceramides on the entry of viruses other than HIV has as yet

been barely addressed, yet there is evident that Gb4Cer (globotetraosylceramide)

acts as a primary receptor for parvovirus B19 triggering viral capsid rearrangements

as required for subsequent steps in internalization into megacaryoblastic leukemia

UT7 cells stably expressing the Epo receptor. During the entry process of B19,

Gb4Cer may cooperate with CD49e and the Ku-80 antigen (Bonsch et al. 2010).

In addition to globosylceramides, gangliosides (glycosphingolipids with one or

more sialic acid residues linked to the sugar moiety) such as GD1a and GT1b or

GM1 are used as entry receptors by murine polyoma virus and SV40, respectively

[recently reviewed in Burckhardt and Greber (2009)].

2.2 The Role of Ceramides in Viral Receptor Secretion, Uptake,
and Pathogen Sorting

2.2.1 Gal-Ceramides as HIV-1 Attachment Receptors

In polarized epithelial cells, GSLs are differentially sorted in apical vs. basolateral

membranes resulting from lipid sorting within the secretory pathway (Harrison et al.

2010; Lingwood et al. 2010a, 2011). It is especially the GSL galactosylceramide

(Gal-Cer) which has been proposed to act as mucosal epithelial cell receptor for both

HIV gp120 and gp41, and at least for the latter, a structural dependence has been

revealed by loss of interaction on modulation of Ca2+ levels. HIV binding to Gal-Cer

promotes internalization and, rather than degradation, transcytosis followed by

release from the basolateral membrane in an infectious form (Alfsen and Bomsel

2002; Magerus-Chatinet et al. 2007; Yu et al. 2008) (Fig. 1b). Gal-Cer trapping was,

however, also found to efficiently promote HIV transmission to T cells by mammary

epithelial cells (Dorosko and Connor 2010). Mechanistically, this resembles virus

acquisition by T cells via DCs with HIV bound to DC-SIGN (trans-infection) in the

absence of detectable DC infection (Geijtenbeek and van Kooyk 2003). There is

evidence that Gal-Cer does also support T-cell trans-infection by immature DCs.

Enhancement of HIV transmission by Gal-Cer trapping and raft-dependent endocy-

tosis was proposed to act as an alternative route to the clathrin-mediated uptake

following CD4 interaction. The potential importance of this particular mode of

transmission is supported by the finding that gp41 was found to attach to Gal-Cer
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expressed on DCs isolated from human blood and mucosal tissue and in situ on

mucosal tissues (Magerus-Chatinet et al. 2007).

2.2.2 Ceramides in Viral Uptake and Replication

As evidenced by the Gal-Cer example, ceramides may not only serve as attachment

factors via their carbohydrate moiety yet also regulate further routing of viruses, and

this may relate to their ability to alter membrane organization in terms of fluidity and

segregation of host cell proteins including viral receptors. Membrane domains

enriched in ceramides were suggested to support vesicular fusion (Utermohlen et al.

2008). Thus, conditions favoring generation of these domains, e.g., by activating

acidic sphingomyelinase (ASMase) or inhibiting ceramidase, would be predicted to

create an environment enhancing membrane fusion and entry of particularly

enveloped viruses. This may, however, not generally apply as revealed for HIV, the

entry of which proved to be highly sensitive to compounds elevating levels of

ceramides (Finnegan and Blumenthal 2006; Finnegan et al. 2004, 2007; Puri et al.

2004). Thus, preexposure to fenretinide, bSMAse, or long-chain ceramide (C16) dose-

dependently prevented HIV uptake into T cells, monocytes, or macrophages

(Finnegan et al. 2004). The compounds did not interfere with HIV binding nor with

overall surface levels of CD4 and chemokine receptors, or their association with

detergent-resistant membrane domains, but rather—as confirmed by fluorescence

recovery after photobleaching (FRAP) experiments—with lateral diffusion of CD4

towards the co-receptors as required for viral entry (Finnegan et al. 2004, 2007; Rawat

et al. 2008) (Fig. 1c). Supporting the hypothesis that availability of CD4 to the fusion

receptor complex might be limited by entrapment in ceramide-enriched platforms,

the inhibitory effect of bacterial sphingomyelinase (bSMase) was at least partially

counteracted by increasing CD4 surface expression levels (Finnegan et al. 2007).

In addition, the sphingolipid environment can directly regulate HIV fusion, because

elevation of dihydroxyceramide was found to efficiently interfere with HIV uptake in

tissue culture. This was linked to enhanced rigidity of the membrane which did not

allow for insertion of the fusogenic gp41 (Vieira et al. 2010). Secondary to inhibition

of fusion-mediated uptake and subsequent access to the cytosol, HIV was found to be

endocytosed and targeted to lysosomal compartments upon fenretinide preexposure

of target cells indicating that sphingolipid-dependent receptor segregation may

directly impact on the mode of viral uptake into host cells (Finnegan and Blumenthal

2006; Marechal et al. 1998).

Similar as for HIV, overall elevation of ceramides by bSMase exposure

interfered with uptake of hepatitis C virus (HCV) at the level of receptor segrega-

tion. There, one of the major entry factors, CD81, was partially internalized, while

recruitment of this factor and the other components required for entry, scavenger

receptor B1 and claudin-1, into detergent-resistant microdomains was abolished

(Voisset et al. 2008). Whether this would also occur under more physiological

conditions (i.e., an inflammatory environment where ceramides are produced as a

result of receptor-dependent SMase activation) is unknown.
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Based on their biophysical properties, ceramide-enriched membrane domains,

and especially platforms formed on receptor-mediated SMase activation, are sites

of endocytosis and uptake of pathogens (Bollinger et al. 2005; Grassme et al. 2007;

Gulbins et al. 2004; Gulbins and Grassme 2002; Holopainen et al. 2000; Zha et al.

1998). Thus, ceramide induction would be predicted to have a positive impact on

uptake of viruses relying on endocytosis followed by vesicular acidification. This

has been verified for influenza A virus, the uptake of which depends on endocytosis,

and on activation of the fusogenic activity of hemagglutinin, targeting to low pH

compartments. It is thus not surprising that uptake of influenza A virus is enhanced

rather than inhibited (as for HIV) by fenretinide (Finnegan and Blumenthal 2006).

In line with this, SMase activation supports pH and clathrin-dependent entry and

replication of the flavivirus Japanese encephalitis virus (JEV) in tissue culture,

though the role of this enzyme in either process and its relevance in vivo have not

been further analyzed (Tani et al. 2010).

Certain viruses are able to promote formation of ceramide-enriched platforms

supporting their entry into target cells themselves. This has first been revealed for

major and minor subgroup picornavirus rhinovirus (RV) attachment to epithelial cells

(Dreschers et al. 2007; Grassme et al. 2005). Attachment of RV caused microtubule-

and microfilament-dependent ASMase cell-surface translocation and subsequent

formation of large membrane platforms enriched in ceramides or GSLs, both of

which interacted with and were important for virus uptake (Dreschers et al. 2007;

Grassme et al. 2005). Indicating that intracellular trafficking of RV involved GSLs

rather than ceramide, GSLs were co-detected with endocytosed virus in membrane

proximal and perinuclear vesicles. Though both types of sphingolipids promote RV

binding and uptake, it is as yet unknown how they communicate with or impact on

recruitment or concentration of the RV receptors, ICAM-1, or the low-density

lipoprotein family members. Interestingly, RV raft interaction causes biphasic acti-

vation p38 MAPK in a RhoA-dependent manner, with late activation relying on viral

replication, yet not integrity of raft domains (Dumitru et al. 2006).

Two independent large screening studies provided convincing evidence for the

crucial role of the endo/lysosomal cholesterol transporter Niemann-Pick C protein

1 (NPC1) in Ebola virus uptake. Following attachment to host cells, Ebola virus

particles are delivered to endosomes. There, fusion with the viral and endosomal

membranes, which is absolutely required for subsequent replication, depends on

NPC1 and recruitment of the homotypic fusion and vacuole protein-sorting (HOPS)

complex (Carette et al. 2011; Cote et al. 2011). Interestingly, viral escape from this

compartment was independent of the NPC1 cholesterol transporter activity (Cote

et al. 2011). NPC1 was found to bind proteolytically activated viral gp and thus

serves as bona fide entry receptor for Ebola virus which resides in an intracellular

compartment rather than at the plasma membrane and might be a perfect target for

antiviral intervention (Miller et al. 2012a). In addition to NPC1, both SM and

ASMase activity were implicated in early steps of Ebola virus infection. Viral

attachment appeared to be SM dependent, and viral particles strongly associated

with surface-displayed ASMase indicating that viral interaction may occur in

SM-enriched membrane domains followed by ASMase activation (Miller et al.
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2012b). Whether the latter is important in rendering NPC1 accessible to the viral

particle (similar to what has been observed for measles virus, see below) as

suggested has not yet been proven.

More recently, the ability of measles virus (MV) to activate both NSMase and

ASMase upon ligation of an unknown receptor on T cells [(Gassert et al. 2009)

(Fig. 2a), see below] and of DC-SIGN on immature DCs has been documented

(Avota et al. 2011). On DCs, SMase activation and subsequent accumulation of

outer membrane ceramides were required for anN-ethylmaleimide (NEM)-sensitive

surface recruitment of the MV entry receptor CD150 from intracellular ASMase-

containing compartments. CD150 was transiently co-displayed with DC-SIGN in

ceramide-enriched platforms, thus explaining enhancement of MV infection of DCs

by recruitment of the entry receptor as a consequence of loading the attachment

receptor, DC-SIGN (Fig. 2b). As a C-type lectin receptor on DCs, DC-SIGN binds

and signals in response to a variety of pathogens, and the ability of mannan and

DC-SIGN-specific antibodies (after crosslink) to mediate SMAse activation shows

that DC-SIGN clearly adds into the list of surface receptors generally involved in

sphingolipid turnover (Avota et al. 2011). Because it also binds to this molecule,

HIV gp120 would be expected to cause formation of ceramide-enriched surface

platforms as well, which would cause inhibition of lateral CD4 mobility and thereby

inhibit uptake by fusion and favor endocytosis (see above). This hypothesis is in

line with HIV being predominantly internalized into nondegradative invaginated

compartments in DCs where it is stored for subsequent transmission to T cells

(Blanchet et al. 2011; Izquierdo-Useros et al. 2009, 2010). How DC-SIGN induced

Fig. 2 Functional consequences of MV-induced SMase activation in immune cells. MV interac-

tion with an as yet unknown receptor on T lymphocytes (recX) (a) or the C-type lectin receptor

DC-SIGN on DCs (b) sequentially activates NSMase and ASMase followed by formation of

ceramide in enriched membrane domains. SMase activation in T cells accounts for MV-induced

loss of actin-based membrane protrusions and interference with cytoskeletal dynamics (a). In DCs,

CD150, the MV entry receptor is co-recruited and displayed at the plasma membrane with

ASMase on DC-SIGN-induced NSMase activation, and both MV attachment (DC-SIGN) and

entry receptor (CD150) co-cluster in microdomains also enriched in ceramides (b)
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SMase activation might regulate the mode and efficiency of entry of other viral

ligands is unknown as yet. In addition to the potential association with or exclusion

from SMase/ceramide compartments, the receptor density at the cell surface may be

decisive, because high levels of the latter may render lipid sorting-dependent

redistribution no longer important (Finnegan et al. 2007).

In addition to serving as pathogen recognition receptor, DC-SIGN is a signaling

molecule which can modify TLR signaling and thereby shape adaptive immunity

(Geijtenbeek and Gringhuis 2009; Gringhuis et al. 2009). Activation of major

DC-SIGN signaling components (Raf-1 and ERK) was found to rely on SMase

activation (Avota et al. 2011), and thus, the sphingolipid turnover especially in DCs

is likely to essentially contribute to DC functions and, eventually, polarization of

T-cell responses.

2.3 Ceramide-Dependent Modulation of Actin Cytoskeletal
Dynamics

Actin dynamics is central to the uptake of viruses into host cells. This includes

retrograde actin flow-dependent drifting and surfing of receptors (also including

glycolipids) engaged by viruses along filopodia or on the cell body surface

(Ewers et al. 2005; Lehmann et al. 2005; Schelhaas et al. 2008), receptor clustering,

and formation of and transmission by defined structures such as virological

synapses or filopodial bridges (Mothes et al. 2010; Sherer et al. 2007), to name

only examples. Moreover, actin-mediated membrane ruffling and blebbing is

essential for macropinocytic uptake of a number of viruses such as vaccinia,

picorna, and adenoviruses (Mercer and Helenius 2008, 2009). Thus, interference

with actin dynamics would be expected to have a significant impact on uptake

efficiency, which has as yet not been investigated in relation to sphingolipid

turnover (Fig. 1d). However, breakdown of actin cytoskeletal protrusions after

ASMase activation and subsequent ceramide accumulation have been shown to

occur in MCF-7 breast cancer cells (Zeidan et al. 2008) and, NSMase- and

ASMase- dependently, after MV interaction with an unknown surface receptor on

T cells, where actin cytoskeletal rearrangements in response to TCR or β1-integrin
ligation were abrogated and filopodial protrusions were lost, referred to as physical

T-cell paralysis (Gassert et al. 2009) (Fig. 2a). Inasmuch SMase activation might

account for loss of stimulated T-cell expansion, which is efficiently induced by MV

in vivo and in vitro and, at a cellular level, targets activation of the PI3/Akt kinase

pathway (Avota et al. 2001; Gassert et al. 2009; Muller et al. 2006), is as yet not

fully established. It might, however, be highly interesting to evaluate as to what

extent SMase activation induced upon receptor ligation by viruses or inflammatory

mediators might be able to affect viral entry, trafficking, and eventually assembly

and release at the level of actin remodeling.
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2.4 Sphingolipids in Viral Maturation and Budding

For many enveloped viruses, rafts have been implicated as sites of particle produc-

tion, which was often based on co-floatation of raft-associated cellular proteins with

viral components, their co-localization with raft components such as GM1, or lack

of particle production on extraction of cholesterol, which is a major component of

membrane rafts. As a direct evidence for the role of defined lipids in the production

of enveloped viral particles, virion lipidomes are very informative yet are only

available for hepatitis C virus (HCV), HIV, and human cytomegalovirus (HCMV)

as yet (Brugger et al. 2006; Liu et al. 2011; Merz et al. 2011). Comparative analyses

with the respective host cell lipidomes confirmed that first, viral infection modifies

the latter and second, that lipid composition of viral budding sites does not only

differ from that of their host cells but also between the viruses studied. At least for

HIV, the importance of sphingolipids, as especially reflected by selective enrich-

ment of SM and dihydroSM as virion constituents, in the viral replication cycle has

been clearly revealed (Brugger et al. 2006). While, common to HCV, ceramides

represented a very minor virion sphingolipid component, glycosphingolipids are

apparently contained in virions from certain producer cells as revealed by the

importance of GSLs in HIV infectivity in T-cell trans-infection in cocultures with

DCs (Hatch et al. 2009). In addition to defined budding sites, lipid structures (and

their biogenesis) are intimately coupled to viral replication and/or assembly for

certain viruses. This has been especially analyzed for HCV and Dengue virus,

where lipid droplets and their biogenesis have a crucial role in initiation of viral

assembly (Alvisi et al. 2011; Fischl and Bartenschlager 2011). Though its specific

role in this process is as yet unknown, inhibition of ceramide transfer protein (CERT)

was found to inhibit HCV maturation pointing to an important contribution of the

sphingolipid pathway in flavivirus replication (Amako et al. 2011). As referred to

above, actin remodeling has been related to particle formation by many viruses as

reflected by its incorporation into virions. Therefore, SMase-dependent alterations of

actin dynamics as eventually provided in inflammatory conditions might as well

substantially impact the viral maturation process.

3 Sphingolipids as Modulators of Viral Pathogenesis

3.1 Modulation of Cell Autonomous Defense Mechanisms

Sphingolipids may not only play an important role in essential steps of viral

replication but may also influence the interaction of viruses with their host cells

and organisms. Examples of those particularly include viral modulations of host

cell apoptosis by targeting sphingolipids and their metabolites.

The alphavirus sindbis virus (SINV) accesses the cytosol of neurons in an

endosomal fusion-dependent process, which relies on the presence of sphingomyelin
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in the endosomal target membrane and acidification of the endosomal compartment

to catalyze conformational changes within the E1–E2 heterodimer of viral envelope

proteins. The viral fusion process induced host cell apoptosis, which is linked to

SINV-dependent activation of ASMase, later followed by NSMase and subsequent

ceramide accumulation and was abolished on overexpression of ASMase in tissue

culture (Jan et al. 2000). In spite of the importance for SMases in viral entry

and induction of apoptosis, ASMase-deficient animals were more susceptible to

SINV-induced encephalitis which was associated with enhancement of viral repli-

cation and spread, as well as frequency of apoptotic neurons in this compartment

(Ng and Griffin 2006). In line with these observations, ASMase deficiency in human

fibroblast cell lines enhanced SINV replication, cell loss, and infectivity of released

virions, which revealed a highly condensed structure as compared to those released

from wild-type ASMase-expressing cells (Ng et al. 2008a). Thus, though SMase

activation positively affects SINV entry, it appears to interfere with intracellular

replication and assembly of infectious particles explaining the moderate course of

SINV encephalitis on ablation of the enzyme. It is, however, still unclear why the

absence of SMase would enhance neuronal apoptosis and what role the NSMase,

also activated upon SINV infection in tissue culture, might have in SINV

pathogenesis.

The ability to modulate host cell apoptosis may directly influence the type of

infection established with a given virus. Thus, the highly cytopathogenic bovine

viral diarrhea virus (BVDV), a close relative of hepatitis C virus (HCV), encodes

for a nonstructural protein (NS3), which binds to and inhibits SphK1 (while the

HCV orthologue does not target this enzyme). This was found to be important for

efficient viral replication yet also cytopathogenicity and induction of apoptosis

(Yamane et al. 2009). Thus, BVDV obviously does not care for but rather

counteracts host cell integrity, which may directly be associated with its particular

mode of replication and spread. In contrast, respiratory syncytial virus (RSV)

apparently actively struggles to retain viability of its host lung epithelial cells by

infection-mediated activation of neutral ceramidase and sphingosine kinase and,

due to S1P generation, Akt and ERK within minutes. Underlying mechanisms are

as yet unknown. However, given the time frame, they may relate to receptor

proximal signaling or the activity of components of the virion rather than viral

replication (Monick et al. 2004).

Host cell survival is particularly important in persistent infections, and a plethora

of mechanisms counteracting host cell apoptosis has been described. It is as yet

largely unknown as to whether this also includes modulation of the sphingolipid

metabolism. Whether induction of de novo sphingolipid synthesis or accumulation

of sphingosine 1 phosphate (S1P) as a consequence of sphingosine kinase activation

by human cytomegalovirus (HCMV) acts to support viral replication or to promote

host cell survival and establishment of persistency has not been resolved (Machesky

et al. 2008). A general role for S1P in persistent viral infections needs to be

established, though FTY720 or other S1P receptor agonists did not restore exhausted

T-cell responses in mice chronically infected with lymphocytic choriomeningitis

virus (LCMV) (Walsh et al. 2010). Sphingosine analogs were recently found to have
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a protective role in mice experimentally infected with pathogenic influenza virus by

preventing cytokine storm induced immunopathology (Walsh et al. 2011). Whether

the enhancing effect of S1P on influenza virus cytopathogenicity and virus-induced

apoptosis seen in vitro also contributes to viral pathogenicity in vivo, e.g., by rapid

depletion of infected cells, needs to be established (Seo et al. 2010).

3.2 Modulation of Antiviral Immune Responses

As detailed elsewhere in this chapter, SMase deficiency per se did not affect steady-

state parameters of the immune system in mice, such as the architecture of second-

ary immune tissues and the composition of the peripheral blood compartment.

However, as established for ASMase deficiency, for a number of bacteria, the

efficiency of pathogen clearance is affected (Gulbins et al. 2004; Gulbins and

Kolesnick 2003; Teichgraber et al. 2008).

As detailed above, ASMase deficiency increased the sensitivity to fatal

SINV-induced experimental encephalitis, yet this was predominantly analyzed

with regard to viral and histological parameters so that the contribution of potential

SMAse relating alterations in immune control remains unknown as yet (Ng et al.

2008a; Ng and Griffin 2006). More recently, a role of ASMase in the CD8 T-cell-

mediated control of the non-cytolytic LCMV in mice has been directly documented

(Herz et al. 2009). Thus, viral clearance from the spleen was significantly delayed,

while the footpad swelling response was reduced. ASMase deficiency did affect

perforin-mediated cytotoxicity, but not that depending on CD95 ligation, and

neither frequencies of virus-specific CD8+ T cells nor their content of cytolytic

granule was compromised. As revealed by single-cell analyses, ASMase-deficient

LCMV-specific CD8+ T cells were perfectly able to conjugate to their targets and

polarize the microtubule-organizing centre MTOC and the cytolytic granule

towards the interface where they fused equally efficient in a SNARE-dependent

manner (Pattu et al. 2011; Qu et al. 2011) with the membrane as seen for controls.

Though not affecting TCR-stimulated Ca2+ mobilization as required for degranula-

tion and target cell lysis of LCMV-specific CD8+ T cells (Maul-Pavicic et al.

2011), ASMase deficiency efficiently abrogated shrinking of granules as required

for expulsion of effector molecules into the synaptic cleft (Herz et al. 2009). These

data clearly revealed that ASMase affects a very late step in CD8+ T-cell effector

functions and, at the same time, imply that primary activation and differentiation of

these cells may not substantially be affected.

These studies were performed in a fully ASMase-deficient background (also

including CD4+ and antigen-presenting cells) and thus are not informative with regard

to cell type-specific SMase requirement in T-cell activation (e.g., by wild-type APCs),

nor do they rule out an inhibitory effect of inappropriate SMase activation on T-cell

activation as described in tissue culture. There, SMase activation in T cells (by MV,

exogenous addition of bSMase or C16, or ligation of CD95 or TNF-R) caused loss of

actin-based protrusions and interfered with Ca2+ mobilization stimulated by phorbol
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ester or TCR signaling (Church et al. 2005; Gassert et al. 2009; Lepple-Wienhues

et al. 1999). The latter observations were linked to lack of CRAC channel activation

and thus inhibition of store-operated Ca2+ release (Lepple-Wienhues et al. 1999), and

though not addressed in this study, activation and/or subcellular redistribution of the

ER Ca2+ sensor STIM1 towards the Orai1 subunit of the channel relocating to the

APC/T-cell interface might be targeted (Lioudyno et al. 2008). Interestingly,

co-ligation of CD95 (which is an efficient SMase activator) or anti-CD3/CD28

stimulation of naive T cells inhibited TCR signaling at the level of ZAP-70, PLC-γ,
and PKCθ redistribution as well as Ca2+ mobilization, nuclear translocation of NFAT,

AP1, andNF-kB, and activation of caspase-3, caspase-8, and caspase-10 (Strauss et al.

2009). This study did, however, not attribute these alterations to SMase activation, and

it might be interesting to dissect this, especially because CD95L was found to be

highly expressed on HIV-infected antigen-presenting cells (Strauss et al. 2009).

In addition to altering TCR signaling, SMase activation also abrogated T-cell

polarization, redistribution of chemokine receptors, and T-cell chemotaxis in vitro

(Gassert et al. 2009). If this also applies in vivo, T cell homing to secondary tissues

or extravasation through endothelial barriers might also be targeted, which, how-

ever, still needs to be investigated to be fully informative using ubiquitous and cell

type-specific ablation/overexpression systems. On the other hand, SMase activation

was found to be an important component of CD40 clustering and signaling in

B cells in vitro. Though not analyzed in DCs as yet, ablation of SMase in

antigen-presenting cells would be expected to impact on ensuing humoral and

cellular responses in vivo (Grassme et al. 2002a, b).

4 Outlook and Perspectives

Sorting of lipids, especially that of sphingolipids, which are major components of

the plasma membrane, continues to emerge as key to the understanding of sorting of

membrane-associated proteins and biologically relevant macromolecular complexes

as well as membrane dynamics in endo- and exocytosis. Sphingolipids may, how-

ever, also directly act as effectors, e.g., by acting as soluble mediators (S1P), or as

receptors. Biological responses in that context have, however, to be explicitly

appreciated at the level of particular host cells. Interestingly, the well-known

adjuvant properties of compounds such as alum or uric acid crystals have recently

been attributed to their ability to cause lipid sorting on DCs (Flach et al. 2011;

Ng et al. 2008b) or, as detailed above, lateral or vertical recruitment or segregation

of receptors. Alterations of the membrane sphingolipid composition may only be

seen under conditions where viral receptors are not artificially abundant as often the

case when standard tissue culture or overexpression systems are used.

In addition to these basic considerations, there are numerous issues that need to be

further addressed in order to understand the role of sphingolipids in viral infections.

Obviously, positional effects need to be analyzed in more detail because, for instance,

overall modulations of sphingolipids (e.g., by bSMase or exogenous addition of

ceramides) may differ from those seen in a specific membrane compartment, e.g.,
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proximal to SMase-inducing receptors or viral entry sites. In this context, the impact

of SMase activation by receptors not supporting viral entry per se (e.g., TNF-R)

would be certainly interesting, because these would expectedly be engaged in

inflammatory conditions and as some of them also act as membrane-associated

proteins at a local basis.

Also just touched upon as yet, the understanding of regulation of viral fusion by

the local sphingolipid environment, which may affect not only the availability and

clustering of fusion active viral protein complexes but also biophysical parameters

such as their ease of insertion and conformational stability, will be very important.

Moreover, as well established, virus-membrane and cell–cell fusion are known to

mechanistically differ to a certain extent, and available data as yet were mainly

confined to entry processes rather than cell-to-cell spread which, for many viruses,

would be the favorite way of propagation in vivo in an infected organism.

As outlined above, the understanding of the role of sphingolipids at the level of

viral pathogenicity is still in its infancy and might, depending on the virus and type

of disease (for instance, tissue, acute versus chronic, virally or immune mediated),

vary considerably, ranging from control of viral entry and replication to balancing

immunity. In that context, findings obtained on the impact of SMase activation on

specific immune cells need to be elaborated as for instance the involvement of

SMase activation in DC-SIGN signaling and subsequent shaping of immune

responses. Similarly, the regulation of ceramide metabolites such as SP1 in immune

cells in viral interactions and their role in immune control or immunopathology has

barely been addressed as yet.
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Abstract The perforation of the plasmalemma by pore-forming toxins causes an

influx of Ca2+ and an efflux of cytoplasmic proteins. In order to ensure cellular

survival, lesions have to be identified, plugged and removed from the membrane. The

Ca2+-driven fusion of lysosomes with the plasma membrane leads to hydrolysis of

sphingomyelin by acid sphingomyelinase and a formation of ceramide platforms in

the outer leaflet of the lipid bilayer.We propose that the negative curvature, promoted

by tighter packing of lipids in the outer layer, leads to an inward vesiculation of the

damaged area for its endocytotic uptake and internal degradation. In contrast,

the activation of neutral sphingomyelinase triggers the production of ceramide within

the inner leaflet of the lipid bilayer, thereby promoting an outward curvature, which

enables the cell to shed the membrane-containing toxin pore into the extracellular

space. In this process, ceramide is supported by members of the annexin protein

family which act as Ca2+ sensors and as membrane fusion agents.
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The well-being of a cell is critically dependent on the integrity of its plasma

membrane, which maintains the essential differences between the cytosol and the

extracellular environment. However, episodes of plasmalemmal injury are a normal

occurrence in the life of most cells and often lead to their premature, necrotic death.

Physical disruption of the plasma membrane is common in cells that operate under

conditions of mechanical stress. The permeability barrier can also be breached by

chemical means: pathogens gain access to host cells by secreting pore-forming

toxins, and the host’s own immune system employs pore-forming proteins to

eliminate both pathogens and the pathogen-invaded cells.

Whereas mechanical lesions leave irregularly shaped, gaping holes, injuries

created by pore-forming toxins or complement are of defined structure and size.

Moreover, dependent on the extent of the injury, repaired cells either return to their

fully functional state or, in case of massive injury accompanied by irreversible

changes in cellular homeostasis, are eliminated by apoptosis or necrosis.

Given the variety in the nature and intensity of cellular injury, it is not surprising

that the mechanisms of membrane resealing differ. Hence, two distinct repair

pathways, which excise patches of the damaged lipid bilayer from the plasma mem-

brane and move them in opposing directions—either into or out of the cell—can be

distinguished.

Extensive changes in the structure of the plasma membrane, which occur upon

the formation of ceramide, are a prerequisite for the repair of plasmalemmal

injuries. Thus, ceramide, which is produced from sphingomyelin in the outer lipid

bilayer of the plasma membrane, appears to be of critical importance in the

management of a correct internalisation programme during plasmalemmal repair;

in addition, it is highly likely that ceramide, produced in the inner lipid bilayer of

the plasma membrane, plays an important role in the survival processes, which lead

to shedding of the toxin-induced pores in the extracellular milieu. It appears that the

fine balance between ceramide produced either within the outer or inner leaflet of

the plasma membrane may be critical in defining the fate of an injured cell.

1 Plasmalemmal Repair

Nucleated cells survive the disruption of their plasma membrane by a process of

resealing (Chambers 1917;McNeil and Steinhardt 2003). If resealing fails, an abrupt

elevation in the intracellular concentration of Ca2+ ([Ca2+]i) activates intracellular

proteases and phospholipases, thereby causing generalised damage to the phospho-

lipid bilayer and the cytoskeleton. It is thus hardly surprising that an elevation in

[Ca2+]i is sensed as an “immediate danger” signal by an injured cell (Morgan et al.

1986; Babiychuk et al. 2009). A localised, pore-induced [Ca2+]i elevation designates

the lesion, indicating the site where the patch has to be applied and sets the repair

mechanisms in motion (McNeil and Steinhardt 2003). In addition, Ca2+ activates the

transcriptional machinery, releases inflammatory molecules and stimulates

the recovery process (Morgan 1989; Lewis 2003; McNeil and Kirchhausen 2005;
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Pilzer et al. 2005). Yet at the same time, an unrestrained influx of Ca2+ is responsible

for the death of injured cells (Babiychuk et al. 2008). Thus, the chance for a cell to

recover from an injury critically depends on its ability to control the influx of Ca2+.

Repair mechanisms operate in the range of 5–20 μM [Ca2+]i and lead to the recovery

of the injured cell (Babiychuk et al. 2009, 2010; Potez et al. 2011); however, if [Ca2

+]i exceeds 20 μM, persistent changes in cellular homeostasis cause irreversible

damage and death even in resealed cells (Babiychuk et al. 2008, 2009; Potez et al.

2011).

The process of plasmalemmal repair can be roughly divided into three stages:

initially, the lesion must be sensed by the injured cell, then it must be plugged

without delay, in order to prevent a massive influx of extracellular Ca2+ and a

parallel efflux of cytoplasmic constituents, and finally the damaged region of the

lipid bilayer, which carries not only the physical lesion but also protein and lipid

molecules, which have been irreversibly modified in the wake of injury, must be

removed from the membrane to minimise the detrimental effects of uncontrolled

activation of intracellular signalling cascades. These processes are orchestrated by

an intricate intracellular protein machinery (McNeil and Kirchhausen 2005; Tam

et al. 2010; Draeger et al. 2011); among them are the members of the annexin

family of Ca2+- and membrane-binding proteins protein, playing a prominent role

in the repair of both mechanical and toxin-induced lesions (Draeger et al. 2011).

2 Ceramide Formation in the Wake of Plasmalemmal Damage

Ceramide can be generated at several subcellular locations. In addition to the

endoplasmic reticulum where its de novo synthesis takes place, ceramide is locally

produced from plasmalemmal sphingomyelin either by neutral or acid

sphingomyelinases (Hannun and Obeid 2008).

In damaged cells, the ceramide production is triggered by an injury-induced

sustained rise in [Ca2+]i (Babiychuk et al. 2008). It is conceivable that the hydroly-

sis of sphingomyelin, which is localised predominantly within the outer leaflet of

the plasma membrane, is triggered by the Ca2+-dependent fusion of acid

sphingomyelinase-containing recycling endosomes or lysosomes with the plasma

membrane. This fusion leads to the emptying of the lysosomal contents and the

exposure of the outer leaflet to the sphingomyelinase (Tepper et al. 2000; Grassme

et al. 2001; Perrotta et al. 2010; Tam et al. 2010).

Additionally, an outside–inside transbilayer movement of sphingomyelin takes

place, due to the activation of a Ca2+-induced, bidirectional lipid-scrambling activity

(Tepper et al. 2000) or a spontaneous transbilayer equilibration (Lopez-Montero et al.

2005); both processes are expected to be significantly accelerated in the vicinity of

the plasmalemmal lesion. Within the inner leaflet of the plasmalemmal lipid bilayer,

sphingomyelin can be hydrolysed by neutral sphingomyelinases, which reside in the

immediate vicinity of the plasma membrane (Walev et al. 2000). Since the inner

leaflet of the plasma membrane is generally sphingomyelin-poor, it is possible that

the production of ceramide by neutral sphingomyelinases is spatially restricted and
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confined to the relatively sparse sphingomyelin in the vicinity of a membrane lesion,

compared with a more widespread action of acid sphingomyelinase, acting on the

sphingomyelin-rich outer leaflet of the plasma membrane.

3 Ceramide Platform in Injured Cells

In vitro studies demonstrate that the enzymatic conversion of sphingomyelin to

ceramide can lead to a dramatic alteration of membrane microdomain organisation.

Promoting the segregation of membrane lipids, ceramide molecules self-associate

forming highly ordered domains, which exclude glycerophospholipids and coalesce

into large, ceramide-rich membrane platforms (Kolesnick et al. 2000).The

mechanism for the formation of ceramide platforms was demonstrated using

phosphatidylcholine/sphingomyelin unilamellar vesicles. In this system the

sphingomyelinase-induced generation of ceramide resulted in the formation of

ceramide patches that merged rapidly into ceramide-rich platforms (Kolesnick

et al. 2000; van Blitterswijk et al. 2003).

The formation of ceramide-rich platforms was demonstrated in the plasma

membrane of mammalian cells using a monoclonal anticeramide antibody. These

platforms were rapidly formed after CD95 or CD40 stimulation, ionising radiation,

UV light, heat, bacterial or viral infection or after treatment of cells with bacterial

sphingomyelinase or natural C16-ceramide (Grassme et al. 2001, 2002; Abdel

Shakor et al. 2004; Bezombes et al. 2004).

Using fluorescently tagged annexin A1 as a reporter for ceramide platforms,

their intracellular dynamics have been visualised in living cells (Babiychuk et al.

2008). The process commences with Ca2+-dependent hydrolysis of sphingomyelin

and a lateral segregation of ceramide into individual platforms within the plasma

membrane. Upon formation the ceramide platforms are internalised in a unique,

ATP- independent manner (Babiychuk et al. 2008, 2011). This tenet accords with

the suggestion that ceramide by itself induces local changes in the structure of the

membrane lipid bilayer and promotes bending and budding of membranes (Gulbins

and Kolesnick 2003; van Blitterswijk et al. 2003; Grassme et al. 2007). The

membrane-bending properties of ceramide have been directly demonstrated in

artificial liposomes (Holopainen et al. 2000). They were shown to be instrumental

in physiological events such as intraluminal budding in multivesicular endosomes

(Trajkovic et al. 2008). This large-scale lipid reorganisation of the plasma mem-

brane can lead to proliferation, differentiation and—most often—to apoptosis

(Morgan et al. 1986). However, in vivo studies have demonstrated that ceramide

platforms can also serve as cellular signalling hubs by reversibly bundling receptor

molecules, and so permit the cell to regulate and to fine-tune its intra- and intercel-

lular communication (Gulbins and Li 2006).
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4 Ceramide in Membrane Repair: Exocytosis

A plasmalemmal injury made by mechanical forces, in general, leads to a gaping

membrane wound which is kept open by the tension of the submembraneous

cytoskeleton. The unrestrained Ca2+ influx causes an immediate contraction of

the subcortical actomyosin complex, which prevents the spontaneous resealing of

the exposed, “sticky” membrane lipid edges. Therefore, excess membrane material

needs to be delivered to the site of injury. The potential reservoir of lipids for repair

is thought to originate largely from lysosomes, which are fused into giant patches

before they are integrated into the plasma membrane (Ninomiya et al. 1996; Caler

et al. 2001; McNeil and Steinhardt 2003). Their activation and prompt delivery is

triggered by the Ca2+ influx through the site of injury. However, if in immediate

need of material for membrane repair, the cell can also recruit other organelles, such

as secretory granules (McNeil and Steinhardt 2003). Moreover, implicated in

membrane resealing is also the “enlargeosome”, an exocytotic organelle containing

the giant protein AHNAK/desmoyokin (Borgonovo et al. 2002; Lorusso et al.

2006). Ultimately, a lipid patch closes the lesion, enables the cell to pump out

excess Ca2+ and to re-establish cellular homeostasis (McNeil and Steinhardt 2003).

In any case, a fusion of intracellular organelles with the damaged plasma

membrane is the prerequisite for the closure of a mechanically induced lesion.

Lipid metabolising enzymes such as phospholipases or sphingomyelinases support

membrane fusion by generating lipid fragments of suitable structures, which are

compatible with the remodelling of the membrane and the different steps of the

fusion process (Janmey and Kinnunen 2006; Chernomordik and Kozlov 2008).

In addition, proteins which possess membrane-binding and/or fusogenic activity

(annexins, SNAREs, synaptotagmins, ferlins) are thought to take part in plasmalemmal

resealing (Draeger et al. 2011). Ceramide platforms and cholesterol/sphingomyelin

enriched membrane “rafts” on the cell membrane cluster receptor molecules and recruit

intracellular signalling molecules to the aggregated receptors (Gulbins and Li 2006).

SNARE complex proteins are clustered in lipid rafts (Chamberlain et al. 2001; Salaun

et al. 2005; Gil et al. 2006), and it is possible that changes in their conformation as a

result of alteration in ceramide content could affect exocytosis (Tang et al. 2007), thus

influencing the repair of mechanically induced lesions.

5 Ceramide in Membrane Repair: Microparticle Shedding

In contrast to the irregularly shaped mechanical lesions, protein-lined membrane

pores generated by bacterial toxins, perforins or the membrane attack complex of

blood complement are characterised by their uniform size, contour and physical

stability. For example, cholesterol-dependent cytolysins, such as streptolysin O or

pneumolysin secreted by Streptococcus pyogenes or Streptococcus pneumoniae,
assemble into complexes of 35–50 subunits within the membrane lipid bilayer,

forming pores of ~30 nm in diameter (Freche et al. 2007).
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Whereas mechanical lesions can be “patched” with excess membrane, the toxin

pores have to be physically removed from the plasmalemma. Outward vesiculation

and microvesicle shedding seem to be the strategy of choice to eliminate perforated

membrane regions of immune cells perforated by the complement membrane attack

complex (Morgan et al. 1987). Streptolysin O is likewise removed from the plasma

membrane of human embryonic kidney cells (Babiychuk et al. 2009; Potez et al.

2011; Keyel et al. 2011) by microvesicle shedding.

Ceramide, formed in the inner lipid bilayer due to the activity of neutral

sphingomyelinase, seems to play an important role in the process of microvesicle

shedding (Walev et al. 2000). It is conceivable that an accelerated transfer of

sphingomyelin from the outer to the inner leaflet in the vicinity of the

plasmalemmal lesion results in its hydrolysis to ceramide by the membrane resident

neutral sphingomyelinase. The outward membrane curvature induced by ceramide

within the inner leaflet of the membrane lipid bilayer leads to the formation of the

outward membrane folding, thus initiating plasmalemmal repair. In this process,

ceramide is supported by the intracellular proteins: in response to a local elevation

in [Ca2+]i, members of the annexin family of proteins translocate to the base of the

fold (McNeil et al. 2006; Babiychuk et al. 2009; Potez et al. 2011). The membrane

aggregation properties and fusogenic activities of the annexins—and in particular

that of annexin A1—are instrumental in isolating the lesion, elevating the mem-

brane fold, which is subsequently shed in form of a microvesicle (Babiychuk et al.

2009; Potez et al. 2011). Since the Ca2+ sensitivity of annexin A1-membrane

binding is increased in the presence of ceramide (Babiychuk et al. 2008), the

formation of ceramide within the damaged plasma membrane increases also the

selectivity of annexin A1 binding to the injured plasmalemmal regions facilitating

their repair (Babiychuk et al. 2009, 2010).

Local ceramide/annexin A1 accumulations situated on the inner leaflet of the

plasmalemmal lipid bilayer might thus be considered as sites of ongoing repair,

which predominantly occur in cells with good chances of expelling the toxin pores,

hence survive the attack.

6 Ceramide in Membrane Repair: Endocytosis

In addition to extracellular shedding, Ca2+-dependent exocytosis of lysosomes

followed by rapid endocytosis, which have been portrayed as cooperative events,

come into effect for the elimination of toxin-induced pores (Idone et al. 2008; Tam

et al. 2010; Fernandes et al. 2011).

Ceramide seems to be directly involved in these processes. Accordingly an

enzyme, which is capable of hydrolyzing sphingomyelin to ceramide, lysosomal

acid sphingomyelinase, is released extracellularly when cells are wounded in

the presence of Ca2+ (Tam et al. 2010). Moreover, cells, deficient in acid

sphingomyelinase, fail to reseal after wounding, whereas exogenously added recom-

binant human acid sphingomyelinase restores endocytosis and resealing in acid
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sphingomyelinase-depleted cells (Tam et al. 2010). Thus, conversion of

sphingomyelin to ceramide within the outer leaflet of the plasmalemmal lipid bilayer

is responsible for lesion internalisation and resealing of the plasma membrane.

Correspondingly, the formation of plasmalemmal ceramide/annexin A1 platforms,

followed by their internalisation, has been observed in Streptolysin O-injured cells

(Babiychuk et al. 2008). However, this study also showed that the ceramide platforms

were internalised in an ATP-independent manner. This implies that the translocation

of the platforms from the plasma membrane to the interior of the cell occurred

independently of endocytosis and concurs with the notion that the platform inter-

nalisation is driven by ceramide itself, which is capable of inducing local changes in

the structure of the plasmalemmal lipid bilayer promoting its budding and inward

vesiculation (Kolesnick et al. 2000; van Blitterswijk et al. 2003; Li et al. 1999;

Trajkovic et al. 2008).

Likewise large-scale, calcium-activated internalisation of the plasma membrane

without involvement of classical endocytic proteins has recently been described and is

supposed to be closely associated with the formation of ceramide during cellular stress

(Lariccia et al. 2011; Hilgemann and Fine 2011; Fine et al. 2011). This type of inward

vesiculation or “massive endocytosis”, which might affect up to >50 % of a cell’s

surface (Lariccia et al. 2011), reflects the formation of ceramide domains that develop

high inward curvature and undergo spontaneous budding (Goni and Alonso 2009).

In contrast to microvesicle shedding, which is believed to be responsible for the

survival of the injured cells, ceramide-induced intracellular uptake of toxin-

damaged membranes seems to be restricted to the damage management in heavily

perforated cells, which are pre-destined for subsequent elimination (Babiychuk et al.

2008, 2009, 2011). One obvious reason is that once inside the cell, the toxin-bearing

vesicles might fuse with and thus permeabilize intracellular organelles, such as the

endoplasmic reticulum and mitochondria, which would inevitably lead to apoptosis

or, in the case of lysosomal fusion, even to lytic degradation.

Such forced elimination of heavily damaged cells might be beneficial for the

whole organism.

Heavily permeabilized cells, which are still capable of partially neutralising

plasmalemmal lesions but unable to complete the repair process, enter a prolonged

phase of [Ca2+]i oscillations (Babiychuk et al. 2009). It has been shown that [Ca
2+]i

oscillations might induce a sustained cell activation followed by proliferation

(Walev et al. 2001). In contrast to a physiological stimulation, the damage-induced

cell proliferation is beyond the organism’s control and is potentially harmful. Thus,

to prevent uncontrolled proliferation, the heavily permeabilized cells are forced into

apoptosis by means of a process which involves massive internalisation of ceramide

platforms (Babiychuk et al. 2008, 2011). The potential functional consequences,

which might arise from such a profound reorganisation of the plasmalemma elicited

by [Ca2+]i overload, are presumably linked with the establishment of connections

between the plasmalemma and intracellular organelles, such as mitochondria,

which otherwise do not come into direct contact (Babiychuk et al. 2011).
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7 Plasmalemma-to-Mitochondria Transfer of Ceramide in

Injured Cells

Ca2+ overload is a potent pro-apoptotic stimulus (Pedrosa Ribeiro et al. 2000;

Szabadkai and Rizzuto 2004), which leads to the hydrolysis of sphingomyelin

and the formation of ceramide molecules and their self-association at the plasma

membrane. Intriguingly, ceramide that is generated by the activity of acid

sphingomyelinase within the plasma membrane is considered to be vital for the

initiation of apoptosis that is triggered by the activation of death receptors, cyto-

toxic drugs and environmental stress stimuli (Gulbins and Kolesnick 2003;

Andrieu-Abadie and Levade 2002; Gulbins and Li 2006). The central role of acid

sphingomyelinase in the induction of apoptosis has been demonstrated in acid

sphingomyelinase-deficient cells and in acid sphingomyelinase-deficient mice

(Kirschnek et al. 2000; Grassme et al. 2001; Paris et al. 2001).

In most cells, apoptosis is initiated by the release of mitochondrial proteins into

the cytoplasm, and there is abundant evidence to suggest that an increase in

permeability is caused by the appearance of pores in the outer mitochondrial

membrane (Bleicken et al. 2010). Recent data suggest that generation of intracellu-

lar ceramide increases mitochondrial permeability (Siskind et al. 2002).

We have shown that invaginated ceramide platforms, initially formed within the

plasma membrane of toxin-damaged cells, come into close contact with the mito-

chondrial outer membrane (Fig. 1). It is conceivable that ceramide is exchanged at

these contact points and that this triggers the release of pro-apoptotic molecules.

Inward vesiculation and vesicular transport of ceramide platforms to the

mitochondria and the nuclear envelope can be the means of delivering ceramide

to these intracellular membranes, which are poor in sphingomyelin and ceramide,

but are implicated in ceramide-induced apoptosis (Babiychuk et al. 2011).

The modulation of mitochondrial-mediated cell death is a well-documented strat-

egy of numerous bacterial pathogens, which balance colonisation and dissemination

m

a cb

Fig. 1 Invagination of plasma membrane in toxin-damaged cells. Electron micrographs of

unfixed, high-pressure frozen Jurkat cells, whose outer leaflet of the plasma membrane was pre-

labelled with horseradish peroxidase-conjugated cholera toxin B (arrowheads) before subjecting

the cells to toxin-induced damage. (a, b) Membrane invaginations extend deep into the cytoplasm.

(c) The contact site between a plasmalemmal fold and a mitochondrion is visible (arrow).
m mitochondrion. Bars ¼ 0.5 μm
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Fig. 2 (1) Perforation of the plasma membrane by bacterial pore-forming toxins. Pathogens gain

access to host cells by secreting pore-forming toxins (red ovals, red arrows), which, after binding
to the plasma membrane, oligomerize to form a transmembrane pore. A pore-induced elevation in

[Ca2+]i is sensed as an “immediate danger” signal by an injured cell. In the vicinity of the

plasmalemmal lesion, an outside–inside transbilayer movement of sphingomyelin (SM, yellow
arrows), which is localised predominantly within the outer leaflet of the plasma membrane, takes

place. The inner leaflet is composed mostly of phospholipids (PL). (2) Toxin internalisation (light
blue arrows). In heavily damaged cells, a massive [Ca2+]i elevation triggers the Ca2+-dependent

fusion of lysosomes with the plasma membrane. This fusion leads to the emptying of the lysosomal

contents and exposure of the outer leaflet to acid sphingomyelinase (aSMase, red ovals) (Tepper
et al. 2000; Tam et al. 2010). Enzymatic conversion of sphingomyelin to ceramide leads to a

dramatic alteration of membrane structure: promoting the segregation of membrane lipids, cer-

amide molecules coalesce into large, ceramide-rich membrane platforms (Cer platform). Negative

curvature, induced by the formation of ceramide platforms in the outer leaflet of the lipid bilayer,

promotes inward vesiculation of the plasma membrane resulting in the budding and internalisation

of ceramide-rich vesicles. Toxin pores are removed from the plasma membrane together with

internalised vesicles. Fusion of ceramide-rich vesicles with mitochondria enforces apoptosis in

heavily damaged cells. (3) Microparticle shedding (dark blue arrows). After damage-induced

transfer to the inner leaflet, sphingomyelin is hydrolysed by plasmalemma-associated neutral

sphingomyelinase (nSMase, green ovals). The outward membrane curvature induced by ceramide

within the inner leaflet of the membrane lipid bilayer leads to the formation of the outward

membrane folding, thus initiating plasmalemmal repair. In this process, ceramide is supported

by the intracellular proteins: in response to a local elevation in [Ca2+]i, proteins of the annexin

family (blue ovals) plug membrane folds, which are subsequently shed in form of microvesicles
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by manipulating pathways (Ashida et al. 2011). However, the ultimate control over

these processes lies with the cell: its judicious activation of sphingomyelinases

decides whether membrane repair is feasible, or whether an overwhelming toxin

attack will shut down cellular defences, trigger massive ceramide platform invagina-

tion, and force the apoptotic cell death.

8 Conclusion

Plasma membrane repair is vital for the restitutio ad integrum of the plasma

membrane and the survival of a cell. Equally important, however, is plasma

membrane integrity for the fatally wounded cell, destined to suffer cell death,

since only membrane integrity will ensure that the cellular disposal follows a

coordinated apoptotic programme without any danger of lytic degradation.

Ceramides are vital lipid partners in the processes which govern membrane

injury and cellular recovery. It is conceivable that each acid and neutral

sphingomyelinases are assigned distinct tasks during the formation of a lesion

and its subsequent closure (Fig. 2).

Membrane damage which is associated with an overwhelming influx of Ca2+

will lead to the activation of acid sphingomyelinase-containing vesicles. Their

fusion with the lipid bilayer presumably leads to the generation of copious amounts

of ceramide through the hydrolysis of sphingomyelin on the sphingomyelin-

enriched outer leaflet of the plasma membrane. Rapid reorganisation of membrane

lipids and invagination of the ceramide-containing membrane folds are followed by

mitochondrial-membrane contacts and permeabilisation of the mitochondrial outer

layer. It is highly likely that cells which scoop up to 50 % of their membrane surface

will be doomed, however strong the efforts of valiant proteins are in their attempt to

reseal the lesion.

On the other hand, circumscribed local lesions which cause only a spatially

limited rise in [Ca2+]i might lead to local scrambling of sphingomyelin and the

generation of ceramide by membrane resident neutral sphingomyelinases.

Recruitment of Ca2+-dependent repair proteins and in particular of ceramide-

sensitive annexin A1 might lead to the aggregation and fusion of the injured

plasmalemmal sites and the containment of the lesion, which can subsequently be

shed.

Should these mechanisms apply, exocytotic microvesicle shedding could be

regarded as a repair process possibly leading to cellular recovery, whereas endocy-

totic invagination, driven by the altered steric properties of the ceramide-enriched

membrane fold, would lead to apoptosis and cell death. The activation of acid and

the neutral sphingomyelinases appears to draw the lottery of cellular doom.

350 A. Draeger and E.B. Babiychuk



References

Abdel Shakor AB, Kwiatkowska K, Sobota A (2004) Cell surface ceramide generation precedes

and controls FcgammaRII clustering and phosphorylation in rafts. J Biol Chem

279:36778–36787

Andrieu-Abadie N, Levade T (2002) Sphingomyelin hydrolysis during apoptosis. Biochim

Biophys Acta 1585:126–134

Ashida H, Mimuro H, Ogawa M, Kobayashi T, Sanada T, Kim M, Sasakawa C (2011) Host-

pathogen interactions: cell death and infection: a double-edged sword for host and pathogen

survival. J Cell Biol. doi:10.1083/jcb.201108081:

Babiychuk EB, Monastyrskaya K, Draeger A (2008) Fluorescent annexin A1 reveals dynamics of

ceramide platforms in living cells. Traffic 9:1757–1775

Babiychuk EB, Monastyrskaya K, Potez S, Draeger A (2009) Intracellular Ca(2+) operates a

switch between repair and lysis of streptolysin O-perforated cells. Cell Death Differ

16:1126–1134

Babiychuk EB, Monastyrskaya K, Potez S, Draeger A (2010) Blebbing confers resistance against

cell lysis. Cell Death Differ 18:80–89

Babiychuk EB, Atanassoff AP, Monastyrskaya K, Brandenberger C, Studer D, Allemann C,

Draeger A (2011) The targeting of plasmalemmal ceramide to mitochondria during apoptosis.

PLoS One 6:e23706

Bezombes C, Grazide S, Garret C, Fabre C, Quillet-Mary A, Muller S, Jaffrezou JP, Laurent G

(2004) Rituximab antiproliferative effect in B-lymphoma cells is associated with acid-

sphingomyelinase activation in raft microdomains. Blood 104:1166–1173

Bleicken S, Classen M, Padmavathi PV, Ishikawa T, Zeth K, Steinhoff HJ, Bordignon E (2010)

Molecular details of Bax activation, oligomerization, and membrane insertion. J Biol Chem

285:6636–6647

Borgonovo B, Cocucci E, Racchetti G, Podini P, Bachi A, Meldolesi J (2002) Regulated exocyto-

sis: a novel, widely expressed system. Nat Cell Biol 4:955–962

Caler EV, Chakrabarti S, Fowler KT, Rao S, Andrews NW (2001) The Exocytosis-regulatory

protein synaptotagmin VII mediates cell invasion by Trypanosoma cruzi. J Exp Med

193:1097–1104

Chamberlain LH, Burgoyne RD, Gould GW (2001) SNARE proteins are highly enriched in lipid

rafts in PC12 cells: implications for the spatial control of exocytosis. Proc Natl Acad Sci USA

98:5619–5624

Chambers R (1917) Microdissection studies. I. The visible structure of cell protoplasm and death

changes. Am J Physiol 43:1–12

Chernomordik LV, Kozlov MM (2008) Mechanics of membrane fusion. Nat Struct Mol Biol

15:675–683

Draeger A, Monastyrskaya K, Babiychuk EB (2011) Plasma membrane repair and cellular damage

control: the annexin survival kit. Biochem Pharmacol 81:703–712

Fernandes MC, Cortez M, Flannery AR, Tam C, Mortara RA, Andrews NW (2011) Trypanosoma

cruzi subverts the sphingomyelinase-mediated plasma membrane repair pathway for cell

invasion. J Exp Med 208:909–921

Fine M, Llaguno MC, Lariccia V, Lin MJ, Yaradanakul A, Hilgemann DW (2011) Massive

endocytosis driven by lipidic forces originating in the outer plasmalemmal monolayer: a new

approach to membrane recycling and lipid domains. J Gen Physiol 137:137–154

Freche B, Reig N, van der Goot FG (2007) The role of the inflammasome in cellular responses to

toxins and bacterial effectors. Semin Immunopathol 29:249–260

Gil C, Cubi R, Blasi J, Aguilera J (2006) Synaptic proteins associate with a sub-set of lipid rafts

when isolated from nerve endings at physiological temperature. Biochem Biophys Res

Commun 348:1334–1342

Goni FM, Alonso A (2009) Effects of ceramide and other simple sphingolipids on membrane

lateral structure. Biochim Biophys Acta 1788:169–177

Ceramide in Plasma Membrane Repair 351

http://dx.doi.org/10.1083/jcb.201108081:


Grassme H, Jekle A, Riehle A, Schwarz H, Berger J, Sandhoff K, Kolesnick R, Gulbins E (2001)

CD95 signaling via ceramide-rich membrane rafts. J Biol Chem 276:20589–20596

Grassme H, Jendrossek V, Bock J, Riehle A, Gulbins E (2002) Ceramide-rich membrane rafts

mediate CD40 clustering. J Immunol 168:298–307

Grassme H, Riethmuller J, Gulbins E (2007) Biological aspects of ceramide-enriched membrane

domains. Prog Lipid Res 46:161–170

Gulbins E, Kolesnick R (2003) Raft ceramide in molecular medicine. Oncogene 22:7070–7077

Gulbins E, Li PL (2006) Physiological and pathophysiological aspects of ceramide. Am J Physiol

Regul Integr Comp Physiol 290:R11–R26

Hannun YA, Obeid LM (2008) Principles of bioactive lipid signalling: lessons from sphingolipids.

Nat Rev Mol Cell Biol 9:139–150

Hilgemann DW, Fine M (2011) Mechanistic analysis of massive endocytosis in relation to

functionally defined surface membrane domains. J Gen Physiol 137:155–172

Holopainen JM, Angelova MI, Kinnunen PK (2000) Vectorial budding of vesicles by asymmetri-

cal enzymatic formation of ceramide in giant liposomes. Biophys J 78:830–838

Idone V, Tam C, Goss JW, Toomre D, Pypaert M, Andrews NW (2008) Repair of injured plasma

membrane by rapid Ca2+-dependent endocytosis. J Cell Biol 180:905–914

Janmey PA, Kinnunen PK (2006) Biophysical properties of lipids and dynamic membranes.

Trends Cell Biol 16:538–546

Keyel PA, Heid ME, Salter RD (2011) Macrophage responses to bacterial toxins: a balance

between activation and suppression. Immunol Res 50:118–123

Kirschnek S, Paris F, Weller M, Grassme H, Ferlinz K, Riehle A, Fuks Z, Kolesnick R, Gulbins E

(2000) CD95-mediated apoptosis in vivo involves acid sphingomyelinase. J Biol Chem

275:27316–27323

Kolesnick RN, Goni FM, Alonso A (2000) Compartmentalization of ceramide signaling: physical

foundations and biological effects. J Cell Physiol 184:285–300

Lariccia V, Fine M, Magi S, Lin MJ, Yaradanakul A, Llaguno MC, Hilgemann DW (2011)

Massive calcium-activated endocytosis without involvement of classical endocytic proteins.

J Gen Physiol 137:111–132

Lewis RS (2003) Calcium oscillations in T-cells: mechanisms and consequences for gene expres-

sion. Biochem Soc Trans 31:925–929

Li R, Blanchette-Mackie EJ, Ladisch S (1999) Induction of endocytic vesicles by exogenous C(6)-

ceramide. J Biol Chem 274:21121–21127

Lopez-Montero I, Rodriguez N, Cribier S, Pohl A, Velez M, Devaux PF (2005) Rapid transbilayer

movement of ceramides in phospholipid vesicles and in human erythrocytes. J Biol Chem

280:25811–25819

Lorusso A, Covino C, Priori G, Bachi A, Meldolesi J, Chieregatti E (2006) Annexin2 coating the

surface of enlargeosomes is needed for their regulated exocytosis. EMBO J 25:5443–5456

McNeil PL, Kirchhausen T (2005) An emergency response team for membrane repair. Nat Rev

Mol Cell Biol 6:499–505

McNeil PL, Steinhardt RA (2003) Plasma membrane disruption: repair, prevention, adaptation.

Annu Rev Cell Dev Biol 19:697–731

McNeil AK, Rescher U, Gerke V, McNeil PL (2006) Requirement for annexin A1 in plasma

membrane repair. J Biol Chem 281:35202–35207

Morgan BP (1989) Complement membrane attack on nucleated cells: resistance, recovery and

non-lethal effects. Biochem J 264:1–14

Morgan BP, Luzio JP, Campbell AK (1986) Intracellular Ca2+ and cell injury: a paradoxical role

of Ca2+ in complement membrane attack. Cell Calcium 7:399–411

Morgan BP, Dankert JR, Esser AF (1987) Recovery of human neutrophils from complement

attack: removal of the membrane attack complex by endocytosis and exocytosis. J Immunol

138:246–253

Ninomiya Y, Kishimoto T, Miyashita Y, Kasai H (1996) Ca2+-dependent exocytotic pathways in

Chinese hamster ovary fibroblasts revealed by a caged-Ca2+ compound. J Biol Chem

271:17751–17754

352 A. Draeger and E.B. Babiychuk



Paris F, Grassme H, Cremesti A, Zager J, Fong Y, Haimovitz-Friedman A, Fuks Z, Gulbins E,

Kolesnick R (2001) Natural ceramide reverses Fas resistance of acid sphingomyelinase(�/�)

hepatocytes. J Biol Chem 276:8297–8305

Pedrosa Ribeiro CMP, McKay RR, Hosoki E, Bird GS, Putney JW (2000) Effects of elevated

cytoplasmic calcium and protein kinase C on endoplasmic reticulum structure and function in

HEK293 cells. Cell Calcium 27:175–185

Perrotta C, Bizzozero L, Cazzato D, Morlacchi S, Assi E, Simbari F, Zhang Y, Gulbins E, Bassi

MT, Rosa P, Clementi E (2010) Syntaxin 4 is required for acid sphingomyelinase activity and

apoptotic function. J Biol Chem 285:40240–40251

Pilzer D, Gasser O, Moskovich O, Schifferli JA, Fishelson Z (2005) Emission of membrane

vesicles: roles in complement resistance, immunity and cancer. Springer Semin Immunopathol

27:375–387

Potez S, Luginbuhl M, Monastyrskaya K, Hostettler A, Draeger A, Babiychuk EB (2011) Tailored

protection against plasmalemmal injury by annexins with different Ca2+ sensitivities. J Biol

Chem 286:17982–17991

Salaun C, Gould GW, Chamberlain LH (2005) Lipid raft association of SNARE proteins regulates

exocytosis in PC12 cells. J Biol Chem 280:19449–19453

Siskind LJ, Kolesnick RN, Colombini M (2002) Ceramide channels increase the permeability of

the mitochondrial outer membrane to small proteins. J Biol Chem 277:26796–26803

Szabadkai G, Rizzuto R (2004) Participation of endoplasmic reticulum and mitochondrial calcium

handling in apoptosis: more than just neighborhood? FEBS Lett 567:111–115

Tam C, Idone V, Devlin C, Fernandes MC, Flannery A, He X, Schuchman E, Tabas I, Andrews

NW (2010) Exocytosis of acid sphingomyelinase by wounded cells promotes endocytosis and

plasma membrane repair. J Cell Biol 189:1027–1038

Tang N, Ong WY, Zhang EM, Chen P, Yeo JF (2007) Differential effects of ceramide species on

exocytosis in rat PC12 cells. Exp Brain Res 183:241–247

Tepper AD, Ruurs P, Wiedmer T, Sims PJ, Borst J, van Blitterswijk WJ (2000) Sphingomyelin

hydrolysis to ceramide during the execution phase of apoptosis results from phospholipid

scrambling and alters cell-surface morphology. J Cell Biol 150:155–164

Trajkovic K, Hsu C, Chiantia S, Rajendran L, Wenzel D, Wieland F, Schwille P, Brugger B,

Simons M (2008) Ceramide triggers budding of exosome vesicles into multivesicular

endosomes. Science 319:1244–1247

van Blitterswijk WJ, van der Luit AH, Veldman RJ, Verheij M, Borst J (2003) Ceramide: second

messenger or modulator of membrane structure and dynamics? Biochem J 369:199–211

Walev I, Tappe D, Gulbins E, Bhakdi S (2000) Streptolysin O-permeabilized granulocytes shed

L-selectin concomitantly with ceramide generation via neutral sphingomyelinase. J Leukoc

Biol 68:865–872

Walev I, Bhakdi SC, Hofmann F, Djonder N, Valeva A, Aktories K, Bhakdi S (2001) Delivery of

proteins into living cells by reversible membrane permeabilization with streptolysin-O. Proc

Natl Acad Sci USA 98:3185–3190

Ceramide in Plasma Membrane Repair 353



Sphingolipids and Inflammatory Diseases

of the Skin

Burkhard Kleuser and Lukasz Japtok

Contents

1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 356

2 Sphingolipids as Essential Structural Components of the Skin . . . . . . . . . . . . . . . . . . . . . . . . . . . 356

2.1 Structure and Function of Mammalian Epidermis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 356

2.2 Ceramides Are Essential for Epidermal Barrier Function . . . . . . . . . . . . . . . . . . . . . . . . . . . 357

3 Sphingolipids as Bioactive Molecules in the Skin . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 359

3.1 Ceramides and Keratinocytes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 359

3.2 Ceramide-1-Phosphate and Keratinocytes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 360

3.3 Sphingosylphosphorylcholine and Keratinocytes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 360

3.4 Sphingosine 1-Phosphate and Keratinocytes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 360

4 Sphingolipids and Skin Dendritic Cells . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 361

4.1 Ceramides and Skin Dendritic Cells . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 362

4.2 S1P and Skin Dendritic Cells . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 363

5 Sphingolipid Dysfunction in Atopic Dermatitis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 363

6 Sphingolipid Dysfunction in Psoriasis Vulgaris . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 367

7 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 368

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 369

Abstract Mammalian skin protects our body against external assaults due to a

well-organized skin barrier. The formation of the skin barrier is a complex

process, in which basal keratinocytes lose their mitotic activity and differentiate

to corneocytes. These corneocytes are embedded in intercellular lipid lamellae

composed of ceramides, cholesterol, fatty acids, and cholesterol esters. Ceramides

are the dominant lipid molecules and their reduction is connected with a

transepidermal water loss and an epidermal barrier dysfunction resulting in

inflammatory skin diseases. Moreover, bioactive sphingolipid metabolites like
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ceramide-1-phosphate, sphingosylphosphorylcholine, and sphingosine-1-phos-

phate are also involved in the biological modulation of keratinocytes and immune

cells of the skin. Therefore, it is not astonishing that a dysregulation of

sphingolipid metabolism has been identified in inflammatory skin diseases such

as atopic dermatitis and psoriasis vulgaris. This chapter will describe not only the

specific sphingolipid species and their skin functions but also the dysregulation of

sphingolipid metabolism in inflammatory skin diseases.

Keywords Atopic dermatitis • Dendrtic cells • Epidermal barrier • Keratinocytes •

Psoriasis vulgaris • Skin • Stratum corneum

1 Introduction

Sphingolipids are essential molecules of the mammalian epidermis. Epidermal

cells, especially keratinocytes, generate and secrete enormous amounts of glucosyl-

ceramide and sphingomyelin precursors to the extracellular domains of the stratum

corneum, where they are further metabolized to specific ceramide species.

The arrangement of these sphingolipids to well-organized lipid lamellae is essential

to protect the epidermis against an excessive water loss and moreover for the

penetration of xenobiotics. Thus, the cycle of lipid precursor formation and

the subsequent hydrolysis of the precursor molecules is a fine-tuned process for

the arrangement of the epidermal barrier. Moreover, sphingolipids are not only

structural components of the epidermal barrier but also essential molecules

involved in the modulation of epidermal cells and immune cells of the skin.

Prominent skin disorders, such as atopic dermatitis (AD) and psoriasis, are

characterized by altered sphingolipid levels that result in a dysregulation of the

epidermal barrier as well as in a modified modulation of skin cells. The role of

sphingolipids in inflammatory skin diseases is the focus of this chapter.

2 Sphingolipids as Essential Structural Components of the Skin

2.1 Structure and Function of Mammalian Epidermis

Mammalian skin is the largest organ in surface area and weight that defends our

body against external assaults such as physical and chemical stress, UV radiation,

and invasion of immunological pathogens. Besides its protective role, skin

regulates body temperature and fluid balance and participates in vitamin D3

homeostasis (Bikle 2012; Meyer et al. 2007).

Human skin consists of two distinct layers, dermis and epidermis, which are

divided by a basement membrane. The main cell type of the underlying dermis are

fibroblasts which are responsible for the formation of extracellular matrix proteins

like collagen and elastin and therefore contributes to the thickness of the skin.
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The overlying epidermis is a stratified epithelium derived from the neuroectoderm

acting as a primordial defense system due to the formation of the skin barrier

(Jensen and Proksch 2009).

The formation of the skin barrier is a complex process, in which proliferating

basal keratinocytes loose their mitotic activity, differentiate and migrate through

four epidermal layers (stratum basale, stratum spinosum, stratum granulosum,

stratum corneum) continuously adjusting to the requirements of the individual cell

layer. In consequence, differentiated keratinocytes are characterized by polymerized

keratin intermediate filaments and a water-resistant environment enclosed by the

cross-linked cornified cell envelope with ceramide molecules bound on the cell

surface (Masukawa et al. 2008). These corneocytes are implanted in intercellular

lipid lamellae and attached to each other by corneodesmosomes. The lipid lamellae

form a crystalline matrix composed of ceramides, cholesterol, fatty acids, choles-

terol esters, and embedded structural proteins. Such a protein is filaggrin which is

integrated into the lipid envelope, interacts with keratin intermediate filaments, and

contributes to the skin barrier function. Additionally, filaggrin is an important

protein as it aggregates the keratin fibers of the cellular cytoskeleton into bundles

resulting in a collapse of corneocytes into flattened discs (Aho et al. 2012).

2.2 Ceramides Are Essential for Epidermal Barrier Function

Within the lipid lamellae, ceramides are the dominant lipid molecules (approxi-

mately 50% by weight), and they show a large molecular heterogeneity consisting

of at least 11 species (Holleran et al. 2006; Masukawa et al. 2008). Moreover, some

ceramides, which possess a terminal ω-hydroxy group, covalently bind to the

proteins of the cornified envelope, such as involucrin, resulting in the formation

of the corneocyte lipid-bound envelope (Behne et al. 2000; Uchida and Holleran

2008). Thus, it is not surprising that a reduction of ceramides in the lipid lamellae is

connected with a transepidermal water loss and an epidermal barrier dysfunction

resulting in a failure of protection against antigens, and moreover can result in

inflammatory skin diseases (Macheleidt et al. 2002).

Ceramide synthesis is already upregulated in the suprabasal cell layer via the de

novo pathway (Lampe et al. 1983). The so-formed ceramides are immediately

converted to glucosylceramides and sphingomyelins (Hamanaka et al. 2002; Jensen

et al. 2004). Both lipid classes are then packaged into epidermal lamellar bodies,

exclusive secretory organelles of keratinocytes that are increased with the differen-

tiation state of the epidermal cells. Glucosylceramides and sphingomyelins are

carried and secreted to the interface of the stratum granulosum and the stratum

corneum. At this point they are converted back to their ceramide species due to

activation of the enzymes β-glucocerebrosidase and sphingomyelinase. Indeed, two

sphingomyelinase isoenzymes have been detected in the skin, a lysosomal-type

acid-pH optimum sphingomyelinase (aSMase) and a non-lysosomal, magnesium-

dependent neutral-pH optimum sphingomyelinase (nSMase). It seems likely that

both the aSMase and the nSMase are responsible for the formation of ceramides
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(Uchida et al. 2000). Nevertheless, the lysosomal aSMase is the dominant enzyme

that is crucial for ceramide generation and the epidermal permeability barrier

(Menon et al. 1986).

It is of interest that skin ceramides possess a wide diversity of the chain length of

the N-acylated fatty acids compared to other tissues (Masukawa et al. 2008). There is

a variety in chain length between C16 and C30. The family of ceramide synthases

(CerS) catalyzes the incorporation of the fatty acid into the dihydro-sphingosine

backbone. To date, 6 family members CerS1–6 have been identified. CerS3 seems to

be exclusively required for skin ceramide synthesis containing polyunsaturated fatty

acids with C26 or greater chain length. Deficiency of CerS3 in mice results in

complete loss of very long-chain ceramides (�C26), lack of continuous extracellular

lipid lamellae, and a non-functional cornified lipid envelope (Jennemann et al.

2012). In congruence, CerS3 exhibits skin- and testis-specific expression, which is

further increased in differentiated keratinocytes (Mizutani et al. 2008). These data

suggest that CerS3 is the crucial isoenzyme for the formation of the unique

ceramides of the skin (Mizutani et al. 2006).

In addition, another unique ceramide species are ω-O-acyl-ceramides, which are

characterized by very long-chain amide-linked fatty acids with terminal ω-hydroxyl
groups that are further esterified with some other fatty acids like the essential fatty

acid linoleic acid (Uchida and Holleran 2008). It is well recognized that ω-O-acyl-
ceramides play a crucial role in epidermal barrier function. Thus, a diet only

deficient in linoleate causes a dysfunction of the epidermal lipid barrier (Hansen

and Jensen 1985). Moreover, in the stratum corneum of patients with atopic

dermatitis (AD), ω-O-acyl-ceramides are significantly reduced in both lesional

and non-lesional skin (Imokawa et al. 1991). Harlequin-type ichthyosis is the

most severe form of congenital ichthyosis, characterized by a massive disturbance

of the lipid barrier (Rajpopat et al. 2011). It is associated with a mutation in the gene

for the ATP-binding cassette transporter ABCA12 (Quazi and Molday 2011). This

transporter is important for loading lipids and especially ω-O-acyl-ceramides into

the lamellar bodies of the keratinocytes. This is visible in ABCA12 knockout mice,

which show decreased contents of ω-O-acyl-ceramides in the epidermal lipid

barrier. These animals die shortly after birth due to a drastic water loss (Zuo et al.

2008).

Taken together, unique ceramides of the skin are essential for the formation of the

well-organized epidermal permeability barrier. Thus, exogenous and endogenous

factors are thought to be critical for maintaining ceramide levels in the skin.

Endogenous factors regulating ceramide levels in the stratum corneum are enzymes

of the de novo synthesis and moreover β-glucocerebrosidase and sphingomyelinase.

For instance, Gaucher disease, which is caused by a defect in β-glucocerebrosidase,
is connected with a severe epidermal barrier dysfunction (Holleran et al. 1994).

Sphingomyelinase is a further endogenous factor that is critical for ceramide synthe-

sis, and an altered activity has been discussed in inflammatory skin disorders (Jensen

et al. 2004). A typical exogenous factor that can induce a disarrangement of ceramide
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levels in the skin is bacterial ceramidase. Indeed, bacteria that are able to secrete

ceramidase have been detected in patients with atopic disorder (Ohnishi et al. 1999).

Although ω-O-acyl-ceramides play a substantial role in the formation of the epider-

mal barrier, the detailed pathways of their biosynthesis are not well characterized.

3 Sphingolipids as Bioactive Molecules in the Skin

Although sphingolipids and in particular ceramides play an essential role in the

formation of the epidermal lipid barrier and a barrier dysregulation may contribute

to the development of skin diseases, recent studies indicate that sphingolipid

metabolites like ceramide-1-phosphate (Cer1P), sphingosylphosphorylcholine

(SPC), and sphingosine-1-phosphate (S1P) are also involved in the biological modu-

lation of epidermal cells such as keratinocytes. Moreover, immune cells of the skin,

mainly antigen-presenting cells like dendritic cells, are influenced by sphingolipid

derivatives.

3.1 Ceramides and Keratinocytes

The involvement of ceramides in essential functions of keratinocytes has been well

documented. In cultured keratinocytes, synthetic C6 and C2 ceramides inhibit cell

proliferation and promote cell differentiation (Bektas et al. 1998; Jung et al. 1998).

Cornified envelope formation, involucrin expression and transglutaminase activity

are augmented in keratinocytes stimulated with cell permeable ceramides (Wakita

et al. 1994). The molecular mechanisms by which ceramides enhance keratinocyte

differentiation are not fully understood, but it seems likely that an enhanced gene

transcription occurs in response to the sphingolipid. In addition, ceramides increase

glucosylceramide synthase activity and promote expression of aSMase (Deigner et al.

2001; Liu et al. 2008). Thus, increasing ceramide levels in differentiating

keratinocytes are necessary not only for lamellar membrane formation but also for

corneocyte development and regulation of sphingolipid synthesis. Most interestingly,

it has been indicated that ceramides also increase ABCA12 expression in the epider-

mal cells (Jiang et al. 2009). It has been postulated that the increase of ABCA12

expression by ceramides is mediated via peroxisome proliferator-activated receptor

(PPAR) as ceramides enhance the expression of PPAR-gamma but not other PPARs.

Thus, ceramides serve not only as a precursor of glucosylceramide formation but also

as a bioactive molecule that will allow the keratinocyte to carry the glucosylceramide

via the ABCA12 to the appropriate position within the lamellar body.
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3.2 Ceramide-1-Phosphate and Keratinocytes

A major metabolite of ceramide is Cer1P, which is generated via direct phosphoryla-

tion of ceramide by the enzyme ceramide kinase (CerK). It has been supposed that

Cer1P can regulate cell proliferation and apoptosis (Bornancin 2011). In

keratinocytes, it has been shown that intracellularly formed Cer1P protects the

epidermal cells from apoptosis (Tsuji et al. 2008). It is of interest that a link between

PPARβ and Cer1P formation exists. Indeed, apoptosis is inhibited by an activation of

PPARβ, and this effect is diminished in keratinocytes isolated from CerK null mice.

Moreover, PPARβ binds to the CerK gene indicating that CerK gene expression is

directly regulated by PPARβ (Tsuji et al. 2008).

3.3 Sphingosylphosphorylcholine and Keratinocytes

Although it has been reported that SPC is a strong mitogen in fibroblasts and other

cell types it inhibits DNA synthesis in keratinocytes (Higuchi et al. 2001; Wakita

et al. 1998). Thus, SPC releases calcium from inositol trisphosphate-sensitive or

insensitive intracellular pools which is a crucial event for the differentiation process

in keratinocytes. In congruence, activation of soluble and membrane-bound

transglutaminases can be detected in response to SPC. This process is accompanied

by an enhanced activity of cathepsin D, which is one of the crucial enzymes for

either releasing soluble types from the membrane-bound transglutaminase or

processing the cytosolic form leading to its activation. Moreover, SPC is a potent

inducer of intercellular adhesion molecule-1 expression in human keratinocytes, in

part via the stimulated secretion of tumour necrosis factor-α (TNF-α) and the

activation of mitogen-activated protein kinase (Imokawa et al. 1999).

3.4 Sphingosine 1-Phosphate and Keratinocytes

S1P has also been identified as a pivotal molecule in modulation of keratinocytes. In

analogy to SPC, S1P stimulates proliferation of fibroblasts but inhibits keratinocyte

cell growth (Vogler et al. 2003). However, S1P does not drive keratinocytes into

apoptosis, but rather induces their differentiation as assessed by transglutaminase

activity. In congruence calcium influx is increased in response to S1P in human

keratinocytes (Lichte et al. 2008). S1P also stimulates the migration of keratinocytes

implying a role of S1P in the re-epithelialization of wounds (Vogler et al. 2003). All

five S1P receptors are expressed by keratinocytes at the mRNA level. The S1P-

mediated inhibition of keratinocyte growth is mediated via the activation of protein

kinase Cδ (PKCδ) followed by a subsequent dephosphorylation of Akt (Schuppel

et al. 2008). Moreover, the S1P2 receptor is dominantly involved in the S1P-induced

dephosphorylation of Akt and keratinocyte growth arrest. This is of great clinical
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interest as the novel immunomodulator FTY720, after being phosphorylated by

sphingosine kinase, activates all of the five S1P receptors except S1P2 and therefore

fails to inhibit keratinocyte proliferation (Schuppel et al. 2008).

Further on, S1P parallels the effects of TGFβ which also inhibits keratinocyte

proliferation while stimulating fibroblast matrix production and proliferation.

Indeed, S1P also stimulates phosphorylation of Smad3 in keratinocytes (Sauer

et al. 2004). Both S1P and TGFβ receptors are required for this response. Smad3

activation is essential for the stimulation of keratinocyte migration and, though

to a lesser degree, also for the inhibition of keratinocyte growth providing

further evidence for a cross-communication between S1P and TGFβ signalling

(Sauer et al. 2004). The exact nature of this communication has remained elusive

so far.

4 Sphingolipids and Skin Dendritic Cells

A multiplicity of specialized antigen-presenting cells (APCs) is located in the skin,

which belongs to the family of classical dendritic cells (DCs). Themost prominentDC

subtypes in the skin are the Langerhans cells (LCs) (Christensen and Haase 2012;

Kaplan 2010). They ferret out exogenous molecules that have penetrated the skin

barrier and convey this information to the dermal lymph nodes. LCs possess the

pronounced ability of phagocytosis and are phenotypically characterized by the

occurrence of the intracellular organelles named Birbeck granules. These organelles

function as an endosomal recycling space, and their antigen-processing activity within

LCs is related to the expression of an endocytotic receptor on the cell surface, namely,

Langerin (CD207). Besides LCs, dermal DCs (dDCs) comprise another subtype of

DCs in the skin that contributes to an effective antigen capture. The dDCs are

phenotypically divergent from the LCs but share the capacity to activate naive T

cells, and it has been proposed that in the absence of LCs, dDCs can adopt the

immunological defense against penetrated allergens. LCs and dDCs are the cutting

point in innate and adaptive immunity (Steinman 2007). The main functions of these

APCs are the capture, endosomal processing, and presentation of antigens, providing

them an exclusive aptitude to provoke adaptive immune responses and to induce and

control tolerance. In the skin, immature LCs/dDCs capture and process antigens, for

example, allergens and microorganisms, and then migrate towards secondary lym-

phoid organs where they present antigens to naive T cells (Fig. 1). During migration,

LCs/dDCs lose their ability to capture additional antigens and obtain the competence

to present antigens to naive T cells in a well-synchronized sequence of procedures

referred to as maturation. As LCs/dDCs play a substantial role in the initiation of

inflammatory skin diseases, recent research indicated that sphingolipids are

modulators of essential steps in LCs/DCs homeostasis including antigen uptake,

migration, and maturation.
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4.1 Ceramides and Skin Dendritic Cells

It has been indicated that stimulation of DCs with proinflammatory molecules

like LPS, TNF-α or IL-1β increased intracellular levels of ceramide (Santinha

et al. 2012). This increase leads to the suggestion that a ceramide-mediated

pathway is responsible for some of the functional alterations observed during the

maturation process. The increased ceramide content is a result of an elevated

sphingomyelinase activity leading to ceramide formation, which may regulate

antigen-presenting cell function. Indeed, DCs show a downregulation of the

endocytotic capacity in response to exogenously added ceramide indicating

that ceramides have an important function in DCs maturation (Sallusto et al.

1996).

Fig. 1 A defective epidermal barrier contributes to the development of AD. A breakdown of the

epidermal barrier in patients with AD permits the penetration of allergens. Skin DCs take up and

present these allergens to T helper (TH) cells and recruit CD4+ T cells. Activated DCs and IL-4,

which are secreted by the CD4+ cells, promote a shift from TH1 to TH2 cells. This is connected to

the release of proinflammatory cytokines such as IL-13
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4.2 S1P and Skin Dendritic Cells

More recently, it has also been suggested that S1P has a crucial role in DC

homeostasis. Thus, it has been shown that all five S1P receptors are expressed

on the cell surface of DCs and the treatment of DC with S1P increased intracellular

Ca2+ concentrations, actin remodelling, and chemotaxis (Radeke et al. 2005).

Recruitment of DCs into peripheral tissues and their migration to dermal lymph

nodes are under control of several chemokines such as monocyte chemotactic

protein and sequential expression of their receptors. The chemotactic response

towards S1P implies that this sphingolipid might play a critical function in the

accumulation of DC at peripheral target sites and migration to the lymphoid organs.

Indeed, in vitro cell culture assays revealed that S1P is a migratory stimulus of DCs

and that the S1P1 and S1P3 receptor subtypes are responsible for the migratory

response (Radeke et al. 2005). It seems likely that an S1P gradient plays a crucial

role in guiding DCs from the peripheral skin site to the lymph nodes. It is of interest

that topical administration of S1P in an animal model of contact hypersensibility

inhibits the migration of skin DCs (Reines et al. 2009). The inhibition of migration

after a topical treatment with S1P can be explained by either an internalization of

the S1P1 receptor subtype or dysregulation of the S1P gradient. Nevertheless, a

recent study suggests that the S1P4 receptor subtype negatively regulates migration

of DCs towards S1P (Schulze et al. 2011). Besides the influence of S1P on DC

migration, it has been suggested that topical treatment with S1P is also connected

with an impaired antigen uptake by skin DCs. It is of interest that S1P inhibits

macropinocytosis of DCs via the S1P2 receptor subtype.

S1P may regulate not only the trafficking of DC but also the quality of

DC-mediated T cell response. DCs treated with S1P shift the immune response of

naive T cells towards a TH 2 subset. Thus, it has been indicated that stimulation of

the S1P1 receptor subtype inhibited LPS-induced IL-12 production thereby promot-

ing TH-2 immune response (Schroder et al. 2011).

5 Sphingolipid Dysfunction in Atopic Dermatitis

AD is a multifactorial skin disorder which is characterized by erythematous lesions,

pruritus, and xerosis. It has been well established that both environmental and

genetic factors contribute to the development of AD (De Benedetto et al. 2012).

Mutations in several genes encoding proteins that are involved in the formation of

the epidermal barrier function have been discussed. The most prominent genetic

cause leading to AD is a loss-of-function mutation in the FLG gene, which encodes

for the structural protein filaggrin (Kubo et al. 2012). Additionally, enhanced

protease activity due to mutations facilitates the cleavage of corneodesmosome

junctions destroying the interactions between corneocytes. Moreover, an incom-

plete maturation and translocation of the lamellar granulae has been demonstrated
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in atopic skin. This imbalance is connected with a substantial lack of acid, enzyme,

and lipid constituents of the stratum corneum resulting in an incomplete formation

of the protective lamellar barrier. Consequently, the penetration of allergens

through the skin is alleviated allowing an interaction of these allergens with the

local skin DCs. In response to the detection of these immunological stimuli,

DCs migrate to skin-associated lymph nodes and cross-communicate with

T-lymphocytes. This process is connected with the terminal differentiation of

DCs and the expansion and differentiation of T cells. This model is shown in Fig. 1.

It is of interest that a disturbance of sphingolipid homeostasis is involved not

only in an impaired barrier formation but also in a pathophysiological alteration of

DC function.

Several studies indicate that ceramide levels are decreased within the stratum

corneum of involved or uninvolved skin of patients with AD compared to age-

matched healthy controls (Imokawa et al. 1991). Indeed, a deficiency of this

ordinary sphingolipid in the stratum corneum is a critical etiologic parameter for

the dry and barrier-disrupted skin. Normally, ceramide concentrations in the stra-

tum corneum are physiologically modulated by the equilibrium of the sphingolipid

hydrolysis enzymes, β-glucocerebrosidase, sphingomyelinase, and ceramidase (Jin

et al. 1994). Most interestingly, a novel sphingolipid metabolizing enzyme, termed

sphingomyelin/glucosylceramide deacylase, has been identified in patients with

AD. This enzyme hydrolyzes sphingomyelin or glucosylceramide at the acyl site

yielding to the formation of SPC or glucosylsphingosine instead of ceramide

(Higuchi et al. 2000). It has been shown that the sphingomyelin/glucosylceramide

deacylase activity is elevated more than fivefold in involved stratum corneum from

patients with AD compared with healthy controls (Ishibashi et al. 2003). Since the

sphingomyelin/glucosylceramide deacylase has not been cloned and further

identified, it is a matter of debate whether the enzyme is of bacterial origin or

represents a novel enzyme in sphingolipid metabolism. Nevertheless, increases of

sphingomyelin/glucosylceramide deacylase activity explain not only a diminished

ceramide and sphingosine level but also an elevated SPC and glucosylsphingosine

formation (Fig. 2).

It is well established that decreased levels of ceramide correlate with an

impairment of stratum corneum barrier resulting in an increased transepidermal

water loss. Moreover, the decreased levels of sphingosine also contribute to the

development of AD. Thus, it has been discussed that vulnerability to bacterial

colonization in the skin of patients with AD is connected to a reduced level of the

antimicrobial molecule sphingosine (Arikawa et al. 2002).

Besides decreased levels of ceramide and sphingosine, elevated biosynthesis of

SPC seems to be a critical factor in the progression of AD (Fig. 2). Additionally to

the described actions, SPC significantly decreases filaggrin gene transcription in

keratinocytes via a prostanoid receptor pathway implying that SPC plays a crucial

role in destruction of the epidermal barrier function (Choi et al. 2010). Moreover,

SPC affects functions of DCs which contribute to an inflammatory response. SPC

induces chemotactic migration in DCs and improves T cell priming by an enhanced

expression of costimulatory molecules on the DC cell surface such as HLA-DR,
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CD86, and CD83. Finally, an animal model indicated that an intradermal injection

of SPC, but not sphingomyelin and sphingosine, induced scratching and an itch-

associated response (Kim et al. 2008). Administration of SPC to the skin and to

primary cultures of keratinocytes induced the formation of leukotriene B4 which is

a crucial factor for the stimulation of neuronal primary afferents (Andoh et al.

2011).

In the light of previous reports, it has been suggested that not only ceramide and

sphingosine but also S1P levels are decreased in patients with AD (Fig. 2). A

decreased S1P level is not only a consequence of diminished content of the S1P

precursor sphingosine; in fact, an altered S1P metabolism has been discussed in

AD. S1P can be degraded either via dephosphorylation to sphingosine by different

phosphatases like alkaline phosphatases, lipid phosphate phosphatases, and sphin-

gosine phosphate phosphatases or via an activation of S1P-lyase which irreversibly

cleaves S1P into hexadecenal and phosphoethanolamine (Maceyka et al. 2012).

Several reports indicate an altered S1P-lyase activity in atopic lesions in humans

and dogs (Baumer et al. 2011; Seo et al. 2006; Wood et al. 2009). With regard to

AD, it should be mentioned that there exist quite a lot of similarities between the

canine and human forms of this skin disease (Marsella and Girolomoni 2009). Thus,

the mean concentration of S1P in lesional skin of dogs is significantly lower

compared to healthy controls (Baumer et al. 2011). These findings are consistent

with the enhanced S1P-lyase activity found in mRNA of lesional skin from human

and dogs (Seo et al. 2006; Wood et al. 2009). But it would be worthwhile to

determine the exact concentrations of S1P and lyase products in the skin of humans

with AD.

With regard to AD, it can be speculated that topical treatment with S1P may be

beneficial. Contact hypersensitivity is one of the most intensively studied animal

model to examine immunological mechanisms of AD and to investigate the role of

immunomodulators in this disease (Rose et al. 2012). Indeed in this model, topi-

cally administered S1P inhibited the inflammatory reaction in the sensitization as

well as in the elicitation phase (Reines et al. 2009). S1P reduced the weight and cell

count of the draining auricular lymph node and diminished the inflammatory

reaction.

Fig. 2 (continued) Altered sphingolipid metabolism in patients with atopic dermatitis (AD).

Ceramides are essential molecules for the formation of a well-organized lipid barrier. Ceramides

are formed via the de novo pathway and the subsequent generation of glucosylceramides and

sphingomyelin. Cleavage of glucosylceramides and sphingomyelin due to β-glucocerebrosidase
and sphingomyelinase leads to ceramides responsible for the formation of the stratum corneum.

AD patients show an increased generation of SPC and glucosylsphingosine, whereas ceramide and

sphingosine levels are decreased. This is connected to a dysregulated lipid barrier. Moreover, S1P

levels are decreased due to an enhanced degradation via S1P-lyase activity. In consequence the

modulatory role of S1P is decreased
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6 Sphingolipid Dysfunction in Psoriasis Vulgaris

Psoriasis is a common, chronic inflammatory skin disease which is present in

approximately 2% of the population. The clinical symptoms are the results of a

hyperproliferative epidermis consisting of premature keratinocytes and incomplete

cornification. This leads to a thickened epidermis with typical elongated rete ridges.

Moreover, the skin disease is characterized by an infiltration of T cells (Nickoloff

et al. 2007). Besides the contribution of genetic alterations in the development of

psoriasis, it is still a matter of debate whether the skin disorder is either an epithelial

or an immunological disease. But there exist accumulating evidence that the origin

of psoriasis is due to a dysregulated immune system (Lowes et al. 2007). Therefore,

it is not astonishing that drugs targeting the immune system (e.g. corticosteroids and

biologics) are beneficial for the treatment of this skin disease. In this context, it

should be mentioned that novel approaches using monoclonal antibodies directed

against IL-12, IL-17 and IL-23 (Leonardi et al. 2008, 2012) are in the focus of

interest in recent psoriasis research (Di Cesare et al. 2009).

Nevertheless, the severity of barrier dysfunction in skin of psoriatic patients is

comparative to the disease phenotype. Indeed, a variety of studies propose an

altered lipid homeostasis in psoriasis (Motta et al. 1993, 1994a, b, 1995). It is still

unresolved whether these modulations contribute to the pathogenesis of the disease

or represent an outcome of the multifaceted skin disorder. A different pattern in

ceramide distribution in psoriatic plaques compared with normal control skin has

been detected.

It has been suggested that deficiency in the expression of prosaposin may be

responsible for the altered ceramide levels in patients suffering from psoriasis

(Alessandrini et al. 2001). Saposines or so-called sphingolipid activator proteins

(SAPs) are nonenzymatic proteins which are required for the lysosomal breakdown

of certain sphingolipids by hydrolase enzymes (Tamargo et al. 2012). Thus, the

activity of β-glucocerebrosidase as well as of sphingomyelinase has been shown to

be stimulated by saposines. Decreased levels of saposine precursor molecules have

been detected in the skin of patients with psoriasis vulgaris. In congruence a

diminished β-glucocerebrosidase mRNA has been reported in whole skin punch

biopsies from lesional sites in patients with psoriasis vulgaris, when compared with

skin from healthy, non-affected controls (Alessandrini et al. 2001). Immunohisto-

chemical localization of β-glucocerebrosidase and sphingomyelinase confirmed a

reduced expression of these enzymes on the protein level. In analogy, prosaposin-

deficient animals retain glucosylceramide species in the stratum corneum which is

connected to an epidermal barrier dysfunction (Doering et al. 1999). Thus, altered

glucosylceramide and sphingomyelin levels could play an essential factor for the

development of psoriasis.

Apart from the importance of ceramides as structural component of the stratum

corneum, the action of sphingolipid derivatives as bioactive molecules must be

taken into account. This became visible when it was indicated that calcitriol, which

is used for the treatment of psoriasis vulgaris, affects sphingolipid metabolism
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(Okazaki et al. 1989). Calcitriol has been identified to inhibit cell growth of

keratinocytes and to induce their differentiation (Geilen et al. 1996, 1997). It has

been implicated that the calcitriol-induced differentiation is mediated, at least in

part, by the formation of ceramides. However, ceramides have also been identified

to induce apoptosis in keratinocytes. On the contrary, physiological concentrations

of calcitriol did not induce apoptosis in keratinocytes despite the formation of

ceramides (Manggau et al. 2001). Moreover, calcitriol possesses a cytoprotective

action and made keratinocytes resistant to apoptosis. Thus, a further metabolism to

S1P occurred in response to calcitriol (Manggau et al. 2001). Most interestingly,

S1P did protect not only keratinocytes from apoptosis but in analogy to calcitriol

inhibited cell growth of the epidermal cells and promoted their differentiation

indicating a pivotal role of S1P in skin homeostasis (Vogler et al. 2003). In fact,

examination of S1P metabolism in psoriatic skin lesions indicated an increased

degradation of S1P (Mechtcheriakova et al. 2007). Most interestingly, an

upregulation of the sphingosine phosphate phosphates type 2 has been detected in

the lesional skin of all patients compared to the corresponding non-lesional skin.

Due to its properties, it would be of interest to further elucidate whether S1P is a

promising candidate in the therapy of psoriasis vulgaris.

7 Conclusion

Recent studies concerning the metabolic activities localized within the stratum

corneum have indicated that the epidermis by the means is not an inert accumula-

tion of dead corneocytes embedded in a static lipid-enriched matrix. It has been

indicated that the generation of the lipid barrier is a complex process in which a

variety of enzymes are involved that catalyzes the formation of specific lipids.

Especially ceramides play a substantial role in the formation of an organized

structure of the lipid barrier. Thus, it is not astonishing that a dysregulation in

sphingolipid formation contributes to disease pathogenesis. Additionally, defining

the action of lipid transport proteins, such as ABCA12, as a crucial parameter of

epidermal lipid topology in both normal and diseased skin, is a challenging area of

research. Moreover, sphingolipid metabolites have also been identified as bioactive

molecules involved in the modulation of epidermal cells and immune cells of the skin.

Studies of epidermal lipidomics in addition with transgenic/knockout experiments will

further clarify the functional role of sphingolipids in skin homeostasis.

Thus, therapeutic approaches based on topical administration or systemic deliv-

ery of sphingolipid metabolites or sphingomimetic molecules abolish dysregulation

of sphingolipid metabolism and restore its homeostasis. These functions can be

beneficial in avoiding pathophysiological immune responses maybe beneficial in

avoiding pathophysiological immune responses.
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Abstract Metabolic disease, including obesity and type 2 diabetes, constitutes a

major emerging health crisis in Western nations. Although the symptoms and

clinical pathology and physiology of these conditions are well understood, the

molecular mechanisms underlying the disease process have largely remained

obscure. Sphingolipids, a lipid class with both signaling and structural properties,

have recently emerged as key players in most major tissues affected by diabetes and

are required components in the molecular etiology of this disease. Indeed,

sphingolipids have been shown to mediate loss of insulin sensitivity, to promote

the characteristic diabetic proinflammatory state, and to induce cell death and

dysfunction in important organs such as the pancreas and heart. Furthermore,

plasma sphingolipid levels are emerging as potential biomarkers for the decompen-

sation of insulin resistance to frank type 2 diabetes. Despite these discoveries, the

roles of specific sphingolipid species and sphingolipid metabolic pathways remain
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obscure, and newly developed experimental approaches must be employed to

elucidate the detailed molecular mechanisms necessary for rational drug develop-

ment and other clinical applications.

Keywords lipotoxicity • cardiomyopathy • insulin resistance

1 Introduction

Type 2 diabetes is an increasingly important healthcare concern in Western nations,

with incidence on the rise in both Europe and the United States (Passa 2002; Wei

et al. 2011). This disease, which is diagnosed based on blood plasma hyperglyce-

mia, has been linked to lipid overload and abdominal obesity and may synergize

with these conditions to promote negative clinical outcomes (Maheux et al. 1994;

Nussey and Whitehead 2001; Pontiroli and Camisasca 2002; Grundy et al. 2004;

Banegas et al. 2007; Qiao and Nyamdorj 2010). This connection is significant, as

the incidence of obesity is also increasing, with greater than 65 % of individuals

classified as overweight or obese in both the United States and the European Union

(Martinez et al. 1999; Baskin et al. 2005; Fry and Finley 2005; Samad et al. 2006;

Mueller-Riemenschneider et al. 2008). This chapter summarizes current knowledge

of the sphingolipid-dependent manifestations of obesity and diabetes and points to

areas for future study and potential clinical utility.

2 Pathogenesis of Type 2 Diabetes Mellitus

Diabetes develops not as a single-organ disease but as a syndrome progressively

affecting multiple organ systems. Because diabetes is silent early on and often is

only discovered after onset of complications, it has been difficult to tease out a

complete natural history of this disease. However, careful epidemiological and

laboratory studies have revealed a general outline of disease progression.

It is believed that insulin resistance is the primary defect in type 2 diabetes

mellitus, preceding frank hyperglycemia (Cavaghan et al. 2000). In many diabetics,

the initial cause of insulin resistance may be hyperlipidemia consequent to abdominal

obesity (Pouliot et al. 1990). Excess free fatty acids promote insulin resistance in

peripheral tissues, including the skeletal muscle and liver; at first, pancreatic β-cells
are able to compensate for this by increasing insulin secretion (Bevilacqua et al. 1987;

Hirose et al. 1996; Roden et al. 1996). This compensated state, in which

hyperinsulinemia effectively controls plasma glucose levels, may persist for years

and, in fact, may never progress to overt diabetes mellitus (Leahy 2008). Over time,

the ability of the pancreas to produce high levels of insulin may be exhausted due both

to aberrant cell signaling and to β-cell loss to apoptosis (Hirose et al. 1996; Pick et al.
1998). This decompensation results in the hyperglycemia observed in type 2 diabetes,

which occurs as a result of both continually elevated hepatic glucose output and
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reduced peripheral glucose uptake and utilization. At this point, the hyperglycemia

itself damages pancreatic β-cells, accelerating the course of β-cell insufficiency and

disease progression (Maedler et al. 2003).

Type 2 diabetes is not merely a disease of the pancreas. Rather, insulin resistance

and dysregulation of plasma glucose and free fatty acid levels can produce severe

dysfunction in multiple organs, including the heart, kidneys, liver, and eyes

(as discussed in the following sections), as well as the brain and peripheral nervous

system. Insidiously, tissue damage can begin before noticeable decompensation of

insulin resistance, causing patients to suffer silent tissue damage long prior to

diagnosis (Nerpin et al. 2008; Dinh et al. 2010, 2011; Manchanayake et al. 2011).

Through this multisystemic onslaught, diabetes slowly saps patients of both longevity

and quality of life. Thus, it is critical to understand the mechanisms underlying this

disease and to develop rational treatment regimens to halt this cascade of dysfunction.

3 Sphingolipid Metabolism and Regulation

Sphingolipids are a class of structural and signaling molecules incorporating a

unique dihydrosphingosine backbone, which may also be present in its desaturated

form as sphingosine (Gault et al. 2010). These lipids play important roles in

determining membrane biophysical properties, topology, and integrity and in

numerous cellular signaling processes, particularly apoptosis and proliferation

(Zheng et al. 2006; Hannun and Obeid 2008). Sphingolipid-dependent mechanisms

of pathogenesis have been demonstrated in many disease contexts, and

sphingolipids have emerged as important players in obesity and diabetes

(Shimabukuro et al. 1998; Summers and Nelson 2005; Zheng et al. 2006; Hannun

and Obeid 2008). Importantly, sphingolipid metabolism is highly interconnected by

a well-characterized network of enzymes, making it possible to study mechanisms

of sphingolipid production and signaling with great precision (Gault et al. 2010).

This metabolic system, which we recently reviewed (Brice and Cowart 2011), is

described in detail in several other chapters.

Given the great complexity of sphingolipid metabolism, it follows that its

regulation may also be complex or multifactorial. Indeed, it has been demonstrated

that sphingolipid synthesis can be regulated at both the substrate level and through

signaling in response to cellular stimuli. In perhaps the most intuitive manner of

regulation, which is extremely relevant to the study of type 2 diabetes, fatty acids

impact sphingolipid levels through both substrate supply and regulation of the

enzymes of sphingolipid metabolism (Shimabukuro et al. 1998; Hu et al. 2009,

2011). Initially, oversupply of saturated fatty acids directly stimulates sphingolipid

synthesis via substrate supply (Merrill Jr et al. 1985; Shimabukuro et al. 1998). This

excess of fatty acids provides additional acyl-CoA moieties for de novo production

of sphingoid bases by serine palmitoyltransferase (SPT) and N-acylation of

sphingoid bases by CerS. In a complementary manner, fatty acid supply also

regulates expression of the enzymes of sphingolipid metabolism, including SPT,
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dihydroceramide desaturase 1 (Des1), and sphingosine kinase 1 (SphK1), thus

upregulating sphingolipid production in conditions of steatosis (lipid overload)

(Hu et al. 2009, 2011). Strikingly, regulation of these enzymes by fatty acids

appears to occur in a chain length- and saturation-dependent manner, with unsatu-

rated fatty acids protecting against upregulation of SphK1, SphK2, and Des1

(Hu et al. 2009, 2011).

Sphingolipid metabolism is also regulated in a substrate-independent manner by

other components of the diabetic physiologic phenotype. Indeed, sphingolipid

metabolism can be activated by several aspects of diabetic physiology, including

the presence of inflammatory cytokines, growth factors, and oxidative stress

(Goldkorn et al. 1998; Memon et al. 1998; Levy et al. 2006, 2009; Samad et al.

2006; Sultan et al. 2006; Aerts et al. 2007). In vivo, these conditions were all

observed in the adipose tissue of genetically obese, diabetic ob/ob mice (Samad

et al. 2006). Compared to their lean counterparts, genetically obese mice

demonstrated significantly higher expression of enzymes promoting ceramide and

sphingosine/sphingosine-1-phosphate accumulation, including acid and neutral

sphingomyelinase, alkaline and acid ceramidase, and SPT. In contrast, levels of

enzymes that would route ceramide to more complex metabolites, including

glucosylceramide synthase and N-acetylneuraminylgalactosylceramide (GM3)

synthase, were downregulated in the diabetic mice. This indicated that in the

diabetic state, expression of sphingolipid-metabolizing enzymes is recalibrated

toward generation of proinflammatory and proapoptotic species. Furthermore,

direct exposure of HepG2 hepatocellular carcinoma cells to the inflammatory

cytokines TNF-α and IL-1 directly stimulated SPT expression and activity

in vitro, providing a direct mechanistic link between these inflammation and

sphingolipid synthesis (Memon et al. 1998). Other work has suggested a similar

stimulatory effect of inflammatory cytokines on the sphingolipid recycling path-

way, in which ceramides are deacylated to form sphingosine and then reacylated

(Sultan et al. 2006). Likewise, it has been shown that oxidative stress promotes

ceramide accumulation in other disease contexts, particularly through stimulation

of neutral sphingomyelinase 2 (NSMase2) and the recycling pathway (Goldkorn

et al. 1998; Levy et al. 2006, 2009; Sultan et al. 2006). Thus, the conditions present

in diabetes stimulate sphingolipid production and increased expression of the

enzymes of sphingolipid metabolism.

4 Adipose Tissue in Obesity and Diabetes

Adipose tissue primarily functions to store free fatty acids (FFA) after food intake

and to release FFA in the fasting state (Hajer et al. 2008). However, with the rise in

obesity, adipose tissue has emerged as an important tissue in the metabolism

of lipids and glucose and possibly the induction of insulin resistance and type

2 diabetes (Samad et al. 2006; Hajer et al. 2008; Bonzon-Kulichenko et al. 2009).

Adipose has been demonstrated to act in an endocrine fashion by producing a
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multitude of factors that include a variety of proinflammatory cytokines and

chemokines collectively known as adipokines (Mohamed-Ali et al. 1997;

Christiansen et al. 2005; Hotamisligil 2006; Samad et al. 2006, 2011), and the

production of these inflammatory mediators is believed to mediate the initiation of

insulin resistance in distal tissues such as skeletal muscle and liver.

A proposed mechanism for obesity-induced insulin resistance in distal tissues is

by increased intracellular lipid accumulation. Induction of the expression and

production of adipokines results in increased lipolysis in adipocytes and elevated

release of FFA. Adipocytes at this point lose their ability to store FFA and as a

result promote the accumulation of lipids such as liver, skeletal muscle, and

pancreas. The inappropriate storage of lipids in these tissues results in the activation

of signaling pathways that interfere with insulin signaling and ultimately contribute

to insulin resistance in adipose, muscle, and liver. Collectively, these actions have

been termed “lipotoxicity.” A key outcome of lipotoxicity is insulin resistance,

which precedes type 2 diabetes (Turpin et al. 2009).

Indeed, significant changes in the sphingolipids produced by the adipose tissue

have been reported in genetically obese (ob/ob) mice (Samad et al. 2006). Com-

pared to their lean counterparts, ob/ob mice demonstrated significantly higher

levels of expression of acid sphingomyelinases (ASMase), NSMase, and SPT.

When the levels of sphingolipids within the adipose tissue were measured, it was

found that there were decreased levels of total sphingomyelin and ceramide and

increased levels of sphingosine. These data suggest that sphingomyelin may be

hydrolyzed to ceramide and further converted to sphingosine. Consistent with this,

the expression of both alkaline and acid ceramidases was increased in the adipose

tissue of ob/ob mice over their lean counterparts. Analysis of plasma sphingolipids

from lean and ob/ob mice found that there were increases in sphingomyelin,

ceramide, sphingosine, and S1P (Samad et al. 2006). There was no detectable

S1P in the adipose tissue of these mice. These data support studies that suggest

increased sphingolipid levels in the plasma of obese mice are associated with

increased cardiovascular risk in obesity (Auge et al. 2004; Hojjati et al. 2005).

Not only have studies evaluated sphingolipid metabolism in genetically obese mice,

they have evaluated sphingolipid metabolism in diet-induced obesity models as

well. In this study, C57BL/6J mice were maintained on a high-fat (60 % calories

from fat) or a low-fat (10 % calories from fat) diet for 16 weeks. In the mice fed

with the high-fat diet (HFD), ceramide levels in the adipose and the plasma were

increased as evidenced by increases of the enzymes SPT, ASMase, and NSMase

(Shah et al. 2008). Studies evaluating changes to sphingolipid metabolism in human

adipose tissue remain scarce and have demonstrated that ceramide and

triacylglycerides are elevated in the adipose tissue of obese individuals (Kolak

et al. 2007). Other studies have demonstrated that inflammation in human adipose

tissue affects sphingolipid metabolism in other tissues such as skeletal muscle

(Lam et al. 2011).

The data demonstrate that sphingolipid synthesis is disrupted in adipose tissue in

response to increased fatty acid influx. As mentioned above, the source of excess

FFA delivery from adipose to other tissues such as skeletal muscle leads to loss of
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insulin sensitivity. In fact, additional roles for sphingolipids in these disease

processes are also emerging.

5 Sphingolipids in Skeletal Muscle

The sensitivity of skeletal muscle to insulin is critical for the removal of glucose

from the bloodstream as it accounts for approximately 40 % of total body mass and

80 % of whole body insulin-stimulated glucose disposal (Gorski et al. 2002; Bruni

and Donati 2008). It is for these reasons that skeletal muscle is believed to

contribute most significantly to the glucose intolerance associated with nutrient

oversupply and obesity.

In insulin-sensitive tissues, insulin promotes the uptake of glucose (Summers

2006). Insulin signaling is initiated through the activation of the insulin receptor.

Insulin receptor substrates (IRS proteins) recruit and activate the phosphatidy-

linositol 3-kinase (PI3K) (Keller and Lienhard 1994; Summers 2006), which in

turn produces phospholipid phosphatidylinositol (3,4,5)-triphosphate (PIP3), a bio-

active lipid that mediates recruitment of the cytosolic enzyme Akt/protein kinase B

(PKB) to the plasma membrane (Keller and Lienhard 1994). Phosphorylation of the

Thr308 in the activation loop and Ser473 in the hydrophobic C-terminal domain by

PIP3 is required for full activation of Akt/PKB (Vanhaesebroeck and Alessi 2000;

Summers 2006).

Akt/PKB promotes the uptake of glucose in skeletal muscle by stimulating

translocation of Glucose Transporter 4 (GluT4) resulting in an increase in the rate

of glucose flux into the tissue, creating a state of decreased circulating glucose and

stimulating its conversion to energy storage molecules such as glycogen (Hajduch

et al. 1998, 2001; Whiteman et al. 2002). Akt/PKB response to insulin can be

perturbed by stimuli such as TNF-α, glucocorticoids, and prolonged exposure to

long-chain fatty acids such as palmitate, all of which have been implicated in

insulin resistance (Chavez et al. 2003; Holland et al. 2007). Intriguingly, a common

feature of these stimuli is their ability also to promote the accumulation of

sphingolipids (i.e., ceramide) (Schmitz-Peiffer et al. 1999; Teruel et al. 2001;

Holland et al. 2007).

Exposure of skeletal muscle to FFA results in the development and accumulation

of intramuscular triacylglycerol (IMTG) and other fatty-acid-derived molecules

(i.e., diacylglycerol and ceramide) (Itani et al. 2002; Moro et al. 2008; Lipina and

Hundal 2011). The accumulation of IMTG in skeletal muscle has been associated

with endurance-trained athletes with significant sensitivity to insulin, indicating

that the accumulation of IMTG is not the sole mediator of insulin resistance in

skeletal muscle (Goodpaster et al. 2001; Bruce et al. 2004); however, it has been

demonstrated that exposure of skeletal muscle to exogenous palmitate, the most

abundant fatty acid in plasma, impaired insulin signaling by preventing insulin-

induced phosphorylation of Akt/PKB (Hajduch et al. 2001; Moro et al. 2008).

Several studies have demonstrated that the insulin-desensitizing effects of palmitate

can be mimicked through the acute application of ceramide and ceramide analogues
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(Schmitz-Peiffer et al. 1999; Teruel et al. 2001; Chavez et al. 2003). And, more-

over, inhibitors of sphingolipid biosynthesis protect cells from the insulin-

desensitizing effects of palmitate (Chavez et al. 2003).

The accumulation of IMTG does not appear to be pathogenic by itself but

reflective of lipid oversupply, inducing an increase in free palmitate; however,

whether IMTG serve as a source of substrate for sphingolipid synthesis is unknown,

but in general, sequestration of cell lipids into TAG is protective (Dimitrios et al.

2010; Amati et al. 2011).

6 Sphingolipids in the Diabetic Heart

Heart disease is a major clinical concern in type 2 diabetes: patients with diabetes

are several times more likely to die of heart disease than nondiabetics (Ho et al.

1993; Kucharska-Newton et al. 2010). Significantly, diabetics develop a distinct

cardiomyopathy that is independent of traditional risk factors (e.g., hypertension

and ischemia/reperfusion) (Guha et al. 2008). This condition, termed diabetic
cardiomyopathy, is characterized by systolic and diastolic dysfunction, reduced

contractility, fibrosis, hypertrophy, and a profound shift away from utilization of

glucose as a substrate (Boudina and Abel 2010). Strikingly, severity of insulin

resistance was associated with both the level of myocardial steatosis and the degree

of cardiac remodeling (Utz et al. 2011), while the amount of myocardial steatosis

was itself an independent predictor of left-ventricular systolic dysfunction in adult

humans (Rijzewijk et al. 2008). In fact, induction of myocardial steatosis is used to

replicate the phenotype of diabetic cardiomyopathy in mouse models (discussed

below). Together, these observations suggested the potential contribution of lipid

overload to the development of diabetic cardiomyopathy.

Similarly to what was seen in pancreatic β-cells and other tissues, excess

saturated fatty acids were shown to induce both metabolic alterations and apoptosis

in cardiomyocytes (de Vries et al. 1997; Hickson-Bick et al. 2000; Sparagna et al.

2000). In isolated neonatal rat cardiac myocytes, it was shown that palmitate

induced a dramatic reduction in fatty acid oxidation, as compared to cells treated

with oleate (Hickson-Bick et al. 2000). This downregulation of fatty acid oxidation

was thought to occur due to reduced AMPK activity and subsequent accumulation

of malonyl coenzyme A (CoA), which in turn inhibits fatty acid oxidation through

CPT-1. The reduction in fatty acid oxidation shunted fatty acyl-CoAs into non-

oxidative pathways: triglyceride and ceramide levels both doubled in response to

palmitate, but not oleate, treatment (Hickson-Bick et al. 2000; Sparagna et al.

2000). This increase in ceramide was accompanied by a significant increase in

DNA laddering as well as more than twofold increase in caspase 3 activity in

palmitate-treated cells (Hickson-Bick et al. 2000). These results were suggestive of

a toxic role for ceramides, as had been demonstrated a short time before in

pancreatic β-cell lipotoxicity (Shimabukuro et al. 1998) and in TNF-α-mediated

cardiomyocyte toxicity (Krown et al. 1996).
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Ceramide was first directly implicated in cardiomyocyte apoptosis through the

use of a cell-permeable artificial ceramide; this finding was confirmed and extended

using a combination of inhibitor studies and ceramide treatments. Initially, it was

shown that treatment with C2-ceramide, a cell-permeable synthetic ceramide,

induced neonatal cardiomyocyte apoptosis in a caspase 3- and 8-dependent manner

(Wang et al. 2000). A subsequent, conceptually important study confirmed that de

novo sphingolipid synthesis was required for induction of lipotoxicity in isolated

adult rat ventricular cardiomyocytes. In this system, it was shown that inhibition of

ceramide synthesis attenuated lipotoxic and glucolipotoxic TUNEL staining and

completely ameliorated lipotoxic myofibrillar degeneration (Dyntar et al. 2001).

This approach was important for two reasons: first, primary adult cardiomyocytes

are postmitotic and, therefore, a better model of the adult heart than neonatal cells,

and, second, the use of an inhibitor provided redundancy to the short-chain

ceramide analogue-based approach, which has caveats that will be discussed later

in this chapter. Therefore, through the use of complementary approaches, these

experiments demonstrated that an increase in ceramide levels is both necessary

and sufficient to induce lipotoxic cell death and myofibrillar degeneration in

cardiomyocytes.

Further studies extended the known role for ceramide in development of the

diabetic cardiomyopathy phenotype, including induction of heart failure markers,

downregulation of glucose oxidation, and impairment of contractility. Numerous

aspects of the response of cardiomyocytes to ceramide were worked out in AC-16

cells, which are an immortalized human ventricular cardiomyocyte-derived cell

line (Park et al. 2008). For example, it was shown that C6-ceramide treatment of

AC-16 cells induced upregulation of the heart failure markers ANF and BNP (Park

et al. 2008). Suggesting a role for ceramide in lipotoxic downregulation of glucose

oxidation, C6-ceramide treatment also suppressed expression of the GLUT-4

glucose transporter and potentiated expression of PDK4, which inhibits the

pyruvate dehydrogenase complex. Ceramide has also been implicated in the

lipotoxic impairment of cardiac contractility. Specifically, it was shown that treat-

ment with either palmitate or C6-ceramide induced β-adrenergic dysfunction in

AC-16 cells (Drosatos et al. 2011). Strikingly, the induction of β-adrenergic
dysfunction by palmitate was completely ameliorated by co-treatment with the de

novo sphingolipid synthesis inhibitor myriocin. This sphingolipid-dependent

impairment of β-adrenergic function was thought to occur as a result of activation

of PKCα and PKCδ. However, it should be noted that treatment with diacylglycerol

was shown to produce the same effects, and it is likely that sphingolipids and

diacylglycerol work in concert in this process. Together, these studies showed that,

in an immortalized cardiomyocyte cell system, increased cellular ceramide was

sufficient to induce expression of heart failure markers, changes in glucose uptake

and metabolism, and β-adrenergic dysfunction, and de novo sphingolipid synthesis

was required for induction of β-adrenergic dysfunction by palmitate. Critically,

results obtained in isolated cell systems have been recapitulated and extended

in vivo. One model that has provided a great deal of information is the LpLGPI

mouse, which expresses a heart-specific membrane-bound form of lipoprotein
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lipase and thus develops profound cardiac steatosis (Yagyu et al. 2003).

Cardiomyocytes bearing this transgene accumulated ceramides, sphingomyelin,

and diacylglycerol (Park et al. 2008). Importantly, while myriocin treatment

prevented the increase in cardiac ceramides and sphingomyelin, diacylglycerol

levels remained elevated; this allowed the authors to tease out ceramide-specific

effects from those of diacylglycerol. The results of this study were striking. It was

shown that many of the pathological outcomes in the LpLGPI mouse, including

gross cardiac hypertrophy, increased left-ventricular systolic diameter, reduced

cardiac efficiency, and increased mortality, were completely prevented by myriocin

treatment, which inhibits the first step of de novo sphingolipid synthesis. Glucose

oxidation and palmitate oxidation were also restored to normal levels by myriocin

treatment, as was expression of molecular markers of heart failure (ANF and BNP),

hypertrophy (GSK3β phosphorylation), and insulin signaling (AKT phosphoryla-

tion). These sphingolipid-dependent outcome effects were also attenuated upon

crossing with a mouse heterozygous null for the serine palmitoyltransferase

subunit SPTLC1, which also displays impaired de novo sphingolipid biosynthesis.

Thus, the role of sphingolipids in the development of lipotoxic cardiac hypertrophy

and heart failure was demonstrated in vivo.

Another transgenic model system provided additional support for the role of

sphingolipids in diabetic cardiomyopathy. The ob/ob mouse is a very popular

leptin-deficient model of obesity and type 2 diabetes; these mice develop marked

cardiac hypertrophy, dysfunction, and steatosis (Barouch et al. 2006; Dobrzyn et al.

2010). Paralleling results in the LpLGPI mouse, these animals dramatically

accumulate ceramide and overexpress SPT, the initial enzyme of de novo

sphingolipid synthesis (Dobrzyn et al. 2010). However, it was shown that loss of

stearoyl-CoA desaturase 1 (SCD1), which catalyzes synthesis of monounsaturated

fatty acids, not only protected ob/ob mice from obesity but also reduced SPT

expression and ceramide to normal levels and prevented the hypertrophic cardiac

phenotype. This study thereby demonstrated that a mutation that indirectly

normalized ceramide levels prevented the development of diabetic cardiomyopathy.

While most studies have focused on the role of ceramide in the heart, other work

has revealed a protective role for sphingosine-1-phosphate, similar to that

demonstrated in other lipotoxic cell models. In isolated primary cardiomyocytes,

treatment with sphingosine-1-phosphate protected against palmitate-induced cell

death as effectively as myriocin treatment (Holland et al. 2011). Additionally,

overexpression of sphingosine kinase 1 protected diabetic mice against the devel-

opment of cardiomyopathy (Ma et al. 2007). Intriguingly, though, treatment with

sphingosine-1-phosphate promoted hypertrophy of neonatal cardiomyocytes,

possibly through signaling of the EDG1/S1PR1 receptor (Robert et al. 2001).

It remains unknown whether this effect is recapitulated in adult cardiomyocytes.

Therefore, although sphingosine-1-phosphate signaling appears to play a protective

role in the lipotoxic heart, its function has yet to be completely understood.

The role for sphingolipids other than ceramide and sphingosine-1-phosphate in

the diabetic heart remains almost totally uncharacterized. Two studies have

indicated that administration of a ganglioside preparation protected atrial function
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in genetically obese, diabetic mice and prevented reduction in cardiac norepineph-

rine concentration in diabetes (Prosdocimi et al. 1987; Tessari et al. 1988); potential

actions of other sphingolipids in the diabetic heart remain undescribed. Signifi-

cantly, many studies addressing the roles of sphingolipids in the heart do so by

inhibiting de novo sphingolipid synthesis. In addition to reducing ceramide, though,

these strategies can reduce levels of downstream metabolites of ceramide (Miyake

et al. 1995). Thus, because of the known roles for sphingolipid species other than

ceramide and sphingosine-1-phosphate in other diabetic organs, this represents a

major gap in knowledge of sphingolipid functions in the diabetic heart and presents

a caveat to attribution of cellular outcomes to ceramide per se.

Although numerous studies have addressed the roles of ceramide in diabetic

cardiomyopathy, few have addressed the mechanisms by which sphingolipid levels

are regulated in diabetes. While general mechanisms parallel those described

elsewhere in this chapter, a few cardiac-specific observations are worthy of

mention. As discussed above, the prevailing theory of lipotoxicity proposes that

accumulation of toxic lipid species, including ceramide, results from the inability of

cells to sequester free fatty acids adequately as neutral lipid (Cnop et al. 2001).

To test this hypothesis, diacylglycerol acyltransferase 1 (DGAT1), which catalyzes

the formation of triacylglycerol from diacylglycerol, was overexpressed in a

cardiac-specific manner in mice (Liu et al. 2009). This resulted in accumulation

of triacylglycerols and a concomitant reduction in ceramide and diacylglycerol

levels. Furthermore, when these animals were crossed with a transgenic strain that

developed lipotoxic cardiomyopathy, the resulting mice displayed improved heart

function and reduced mortality as well as more normal expression of markers of

heart failure, oxidative stress, and apoptosis. Strikingly, statistical analyses

revealed a significant correlation between cardiac ceramide levels and the level of

cardiac function in a mixed cohort of transgenic and wild-type mice. This study

thus provided support for the hypothesis that lipid overload induces steatosis by

overwhelming cells’ capacity to sequester fatty acids as neutral lipid.

Other work has addressed a potential role for the transcription factor PPARα in

regulation of ceramide levels (Baranowski et al. 2007). In this study, treatment of

wild-type rats with a PPARα agonist (WY-14643) synergized with high-fat diet to

increased SPT activity in a more dramatic manner than observed with diet alone.

Likewise, ceramide levels also increased markedly upon administration of

WY-14643 in high-fat diet, and the fatty acyl chain distributions of both ceramide

and sphingomyelin were also altered. This latter finding suggests that PPARα could

potentially act on other components of the sphingolipid synthetic pathway besides

SPT. Strikingly, other studies have implicated PPARα in heart failure [reviewed in

Finck (2004) and Madrazo and Kelly (2008)], thus raising the question of whether

these effects are mediated by regulation of sphingolipid levels by PPARα.
Together, these findings suggest that PPARα-mediated signaling may augment

the observed substrate-based effects of lipid oversupply to promote de novo

sphingolipid synthesis.

In summary, these findings demonstrate roles for sphingolipids in the patho-

genesis of cardiac lipotoxicity and diabetic cardiomyopathy. Ceramide was
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implicated not only in the induction of cardiomyocyte apoptosis but also in insulin

resistance, altered cardiac substrate utilization, hypertrophy, β-adrenergic dysfunc-
tion, and impaired cardiac function. In contrast, there are hints that sphingosine-1-

phosphate may protect cardiomyocytes from apoptosis while, perhaps, potentiating

hypertrophy. As of this writing, no published studies have addressed potential roles

for other sphingolipids, including glycosphingolipids, sulfatide, and ceramide-1-

phosphate, in the diabetic heart. Furthermore, the contributions of particular

enzymes of sphingolipid metabolism and individual N-acyl chain lengths have

been utterly neglected. Additionally, it should be noted that, while much of the

literature on sphingolipids in the diabetic heart focuses on their roles in diabetic

cardiomyopathy, they also play important roles in injury following ischemia and

reperfusion (I/R) (Maulik et al. 1993; Bielawska et al. 1997; Theilmeier et al. 2006)

and in defects in electrical conductance (Constable et al. 2003) and autonomic

nervous function (Tessari et al. 1988; Davis et al. 2006), all of which are major

concerns in the diabetic heart. Finally, the role of sphingolipids in diabetic

glucotoxicity in the heart has been abjectly neglected, despite its potential impor-

tance. Thus, while sphingolipids have been shown to play multiple roles in the

pathogenesis of cardiac lipotoxicity, much remains to be learned about their

regulation, specific mechanisms of action, and broader significance in the diabetic

heart.

7 Sphingolipids in the Diabetic Pancreas

Pancreatic dysfunction is the hallmark disease outcome in diabetes. In insulin

resistance, excess plasma free fatty acids initially stimulate insulin secretion by

the pancreas, both directly and in response to insulin resistance in peripheral tissues,

resulting in a compensatory hyperinsulinemic state (Milburn Jr et al. 1995). How-

ever, a gradual decline in insulin release occurs, in part, due to decreased insulin

sensitivity in the pancreatic β-cells themselves; this effect has been shown to be

mediated by excess uptake of free fatty acids from the plasma (Lee et al. 1994). The

resulting loss of compensation results in frank hyperglycemia, which synergizes

with the hyperlipidemic state to promote molecular pathology and cell death, as

described later in this section.

The process of fatty-acid-mediated β-cell dysfunction and, ultimately, death

occurs through lipotoxicity. The ability of lipid oversupply to increase ceramide

levels in the diabetic pancreas has long been appreciated (Shimabukuro et al. 1998).

Initially, it was observed that both DNA laddering (an indicator of apoptosis) and

ceramides increased in the pancreatic islets from obese, diabetic rats, compared to

lean controls. Furthermore, treatment of isolated islets with free fatty acids

recapitulated this DNA laddering and ceramide production in vitro. Strikingly, it

was found that only free fatty acids that promoted ceramide synthesis were able to

cause lipotoxicity and insulin resistance in vitro, supporting a link between

ceramides and islet lipotoxicity (Maedler et al. 2001, 2003). Substantiating this
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relationship, treatment with a membrane-permeable synthetic ceramide, C2-cer-

amide, directly potentiated DNA laddering (Shimabukuro et al. 1998). Intriguingly,

this study also noted that islet cells from obese, diabetic rats were more vulnerable

to free fatty-acid-mediated lipotoxicity, suggesting that changes in metabolism or

protein expression in the diabetic pancreas augmented susceptibility of these cells

to lipotoxicity. Together, these findings suggested both that ceramide plays a key

role in lipotoxic β-cell apoptosis and that the diabetic pancreas displays an

increased vulnerability to toxicity from excess plasma free fatty acids, possibly

due to the already-heavy fatty acid loading of these cells.

Glucotoxicity has also been shown to play an important role in pancreatic

damage after decompensation of insulin resistance; this process, too, seems to be

governed by sphingolipids. Most directly, glucose-stimulated cytotoxicity was

shown to be ameliorated by inhibition of ceramide synthase (Maedler et al.

2003). Unfortunately, the effect of this treatment on downstream, complex

sphingolipid species was not determined. This point may be significant because,

as described later in this section, ceramides may be adorned with carbohydrate

headgroups to form complex sphingolipids, which have distinct signaling and

membrane roles from those of simple ceramide. Regardless of this point, though,

it appears that oversupplies of glucose and free fatty acids work in concert to

promote ceramide synthesis in the diabetic pancreas. In fact, neither excess glucose

nor a low dose of palmitate alone was able to induce ceramide production pro-

foundly in INS832/13 or INS-1 cells, but the two conditions in combination

strongly potentiated this effect (El-Assaad et al. 2010; Veret et al. 2011). In

contrast, excess glucose and palmitate each provoked ceramide production in

isolated rat islet cells, while the combination of both stimulated an even stronger

increase in ceramide levels (Kelpe et al. 2003). This suggests a synergy between

excess glucose and excess fatty acids in the induction of sphingolipid-dependent

diabetic β-cell toxicity. These findings bring to light several unanswered questions,
such as whether glucose and fatty acid oversupply act on distinct metabolic routes

of sphingolipid production and clearance, whether these two routes of toxicity

promote production of different sphingolipid metabolites, and whether they act

on the same or complementary lipotoxic pathways.

Further studies more fully characterized the sphingolipid-dependent molecular

features of pancreatic functional deterioration, including apoptosis, endoplasmic

reticulum (ER) stress, and insulin resistance. For example, increased intracellular

ceramides stimulated several components of the apoptotic cascade, such as cyto-

chrome C release into the cytosol, a reduction in Bcl-2 expression, and loss of

mitochondrial membrane potential (Maedler et al. 2003; Veluthakal et al. 2005).

Broadly, it was found that ceramide acted to promote apoptosis, in part, by inducing

caspase activation (Lupi et al. 2002); studies in the MIN6 insulinoma cell line and

in glucolipotoxicity in INS-1 cells specifically implicated caspases 3/7 in

sphingolipid-mediated cell death (Boslem et al. 2011; Veret et al. 2011). Ceramide

accumulation also induced lipotoxic ER stress, as indicated by increased expression

of CHOP, in MIN6 cells (Boslem et al. 2011). Finally, ceramide was directly

implicated in insulin resistance at a molecular level, in addition to its nonspecific
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actions of reducing β-cell proliferation and promoting apoptosis (Maedler et al.

2001). In particular, ceramide accumulation reduced proinsulin mRNA levels via

reduced transcription in INS-1 and isolated rat pancreatic islet cells (Kelpe et al.

2003; Guo et al. 2010). This may have been mediated by attenuation of ERK

phosphorylation (Guo et al. 2010). Thus, elevated sphingolipid loads in the diabetic

pancreas promote insulin resistance and pancreatic failure through a suite of

specific molecular outcomes. These findings lead to a larger question of how

sphingolipid synthesis is upregulated in the diabetic pancreas, thereby allowing

all of these downstream effects to ensue.

As discussed above, lipid oversupply perturbs sphingolipid homeostasis by

diverse mechanisms in many organs and cell types, and this is also true in diabetic

pancreas. For example, it has been shown that expression of SPT is upregulated in

the diabetic pancreas (Shimabukuro et al. 1998). This upregulation may be

recapitulated in vitro by oversupply of the fatty acid palmitate as well as by other

factors, including exposure to elevated levels of hepatocyte growth factor (HGF),

which is overproduced in diabetes (Shimabukuro et al. 1998; Gonzalez-Pertusa

et al. 2010). Other routes and enzymes of sphingolipid synthesis have been shown

to be regulated by saturated fatty acids in skeletal muscle, as discussed above, and

may also play important roles in governance of sphingolipid levels in the diabetic

pancreas (Hu et al. 2009). Thus, the diabetic pancreas harbors elevated sphingolipid

levels due to both excess substrate supply and upregulation of the enzymes of

sphingolipid synthesis. However, while most studies have focused on bulk

sphingolipid levels and general routes of metabolism, the roles of individual

metabolites and enzymes in this system have remained undetermined. Largely

because the distinct functions of individual N-acyl chain lengths of ceramide and

specific (dihydro)ceramide synthase (CerS) enzymes have only recently been

appreciated, only one study thus far has attempted to implicate an individual

CerS isoform in β-cell lipotoxicity: Véret et al. proposed that CerS4 is responsible

for glucolipotoxicity in INS-1 cells (Veret et al. 2011). Indeed, overexpression of

CerS4 induced caspase 3/7 activity, while siRNA-mediated knockdown of CerS4

partially attenuated caspase activity in response to glucose and fatty acid overload.

This work clearly demonstrated a role for CerS4 in glucolipotoxicity; however,

additional studies will be required to define or to rule out contributions from other

CerS isoforms. There are a few reasons for this. First, although the ceramide chain

length profiles in the manuscript are suggestive, they are not sufficiently clear-cut to

implicate a specific isoform. Second, the effect of overexpressing or knocking down

other CerS isoforms was not tested. Third, and finally, cells were presented with

only palmitate in the media. Beta cells encounter a mixed profile of fatty acids

in vivo, which are utilized differentially for N-acylation by individual CerS

isoforms, and exposure to this characteristic mixture of substrates may reveal

roles for other CerS isoforms in a physiologic context. Thus, although CerS4 has

been implicated in β-cell lipotoxicity, roles for other CerS isoforms have not been

ruled out. Furthermore and importantly, no studies have identified a role for specific

ceramide species in β-cell lipoapoptosis. Thus, significant work will be required to

elucidate the mechanisms by which diabetes and lipotoxicity upregulate
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sphingolipid levels in the pancreas, as well as the significance of specific metabolic

pathways.

Although most studies discussing sphingolipids in pancreatic lipotoxicity

focus on ceramide, ceramide itself is not the only sphingolipid that accumulates

during fatty acid overload. Indeed, many downstream metabolites of ceramide are

modulated by manipulation of ceramide synthesis, and one must be careful before

concluding that it is ceramide, per se, that is responsible for particular molecular

outcomes. For example, glucosylceramide was shown to increase in MIN6

insulinoma cells treated with palmitate, and this accumulation was, in fact, much

more robust than that of simple ceramide (Boslem et al. 2011). Furthermore, this

may have important functional implications, as inhibition of glucosylceramide

synthase, which may presumably increase its metabolic precursor, ceramide,

partially preserved pancreatic insulin secretion in Zucker diabetic fatty rats (Aerts

et al. 2007). This suggests a potential role for glucosylceramide, in particular, and

sphingolipids other than ceramide, in general, in pancreatic insulin resistance.

An additional example of this principle involves sulfatide (30-sulfogalactosyl-
ceramide), a glycosphingolipid present in the islets of Langerhans in the pancreas

(Buschard et al. 2002). Like its metabolic precursor ceramide, this lipid has also

been implicated in diabetes and insulin resistance. Mechanistically, sulfatide is

involved in proper folding of proinsulin, preservation of insulin crystals, and

monomerization of stored insulin hexamers (Osterbye et al. 2001). Furthermore,

C16:0 sulfatide, specifically, was shown to be required for stabilization of insulin

granules (Blomqvist et al. 2003). C16:0 sulfatide also appears to be required for

appropriate management of insulin secretion in normal rat pancreatic islets; it was

shown to attenuate insulin secretion by reducing sensitivity of the ATP-dependent

potassium channel to inhibition by ATP (Buschard et al. 2002, 2006). Significantly,

this particular sulfatide species was deficient in the pancreas of several rodent

models of type 2 diabetes (Blomqvist et al. 2003), and administration of sulfatide

appeared to ameliorate some aspects of diabetic pathology in vivo. For example,

administration of C16:0 sulfatide, specifically, to Zucker fatty rats, which express a

defective leptin receptor, reduced fasting insulin and improved the first-phase

insulin response and glucose-stimulated insulin response (Blomqvist et al. 2005).

More generally, sulfatide was shown to protect isolated islet cells from apoptosis,

iNOS expression, and nitric oxide secretion induced by cytokines; this protective

effect was not specific to C16:0 sulfatide (Roeske-Nielsen et al. 2010). These

findings indicate that sulfatide exerts a protective effect in pancreatic islets via

normalization of insulin secretion and protection from inflammation. It is still

unknown whether these protective effects are also relevant to the context of fatty

acid oversupply, and the mechanism by which C16:0 sulfatide is reduced in the

diabetic pancreas remains unknown.

Finally, sphingosine-1-phosphate, the product of sphingosine kinase, has been

suggested as an antiapoptotic lipid in inflammation-mediated β-cell death.

In particular, supplementation with sphingosine-1-phosphate protected isolated

pancreatic islets from IL-1β-induced apoptosis (Rutti et al. 2009), and exposure

to both IL-1β and TNF-α upregulated sphingosine kinase activity in INS-1 cells and
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isolated rat pancreatic islets (Mastrandrea et al. 2005). It was suggested that this

increase in activity was primarily mediated by sphingosine kinase 2 (SPHK2),

based on in vitro activity assays. These results indicate that, in contrast to ceramide,

sphingosine-1-phosphate acts to protect β-cells from the pathological inflammatory

state present in diabetes and the metabolic syndrome; indeed, the balance of

ceramide and sphingosine-1-phosphate levels has been suggested as a clinically

important determinant of β-cell fate (Jessup et al. 2011).

In summary, these findings illustrate an important role for sphingolipids in the

pathogenesis of the diabetic pancreas. Fatty acid and glucose oversupply both

stimulate ceramide production, which promotes apoptosis and insulin resistance,

as well as synthesis of downstream metabolites of ceramide. Like ceramide,

glucosylceramide may act in a pro-pathogenic manner by potentiating insulin

resistance. In contrast, sulfatide normalizes insulin secretion, and both sulfatide

and sphingosine-1-phosphate protect cells from the harmful effects of inflamma-

tion. These foundational findings lead to numerous further questions about the

detailed mechanisms of sphingolipid action in the diabetic pancreas. For example,

it remains unknown which ceramide species play active roles in pathology, which

pathways (i.e., salvage or de novo synthesis) generate the bulk of these pathogenic

lipids in vivo, and which specific enzyme isoforms are involved. Functions

of sphingosine-1-phosphate and other metabolites also remain incompletely

characterized. Finally, the roles of sphingolipids in diabetic glucotoxicity are

severely understudied and may be distinct but synergistic with those observed in

lipotoxicity. Thus, several sphingolipid species play key, but contrasting, roles in

β-cells during diabetes, and further studies are needed to clarify them and to

understand the underlying molecular mechanisms.

8 Emerging Concepts in the Sphingolipid-Diabetes Axis: Liver,

Kidney, and Retina

While many of the changes in sphingolipid synthesis and signaling have been

somewhat well defined in tissues such as skeletal muscle, heart, and pancreas,

there are several tissues that have yet to be thoroughly examined. One such tissue

is the liver. Located between the intestinal tract and the systemic circulation, the

liver plays an important role in the metabolism and storage of dietary fats as well as

playing a central role in glucose and lipid metabolism (Coleman and Lee 2004;

Yosuke et al. 2011). During times of feeding, hepatocytes increase their uptake of

glucose and synthesis of glycogen (Yosuke et al. 2011). The liver also acts to

synthesize triacylglycerides (TAG) through β-oxidation of fatty acids obtained

from overnutrition or adipocyte cell death and/or inflammation (Coleman and Lee

2004; Bijl et al. 2009). In obesity, the combination of increased fatty acid flux from

dysfunctional adipose tissue, coupled with induced fatty acid synthesis in the liver,

results in the accumulation of TAG-rich lipid droplets in the cytosol (Preiss and
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Sattar 2008; Bijl et al. 2009; Deevska et al. 2009) and ultimately the development of

fatty liver and lipotoxicity (Deevska et al. 2009). The development of these

pathologies can lead to loss of insulin sensitivity, which in the liver prevents the

suppression of glucose generation, signaling the pancreas to increase insulin pro-

duction resulting in hyperinsulinemia (Brown and Goldstein 2008; Bijl et al. 2009).

As a result of TAG accumulation, lipid synthesis and metabolism are disrupted

and perturbations of these pathways have been demonstrated to contribute to loss of

insulin sensitivity and the development of hyperglycemia (Deevska et al. 2009;

Yosuke et al. 2011). For example, treatment of hepatocytes with palmitate

promoted an increase in TAG. TAG accumulation was attenuated by the inhibition

of the activity of acid sphingomyelinase (aSMase), which generates ceramide

by hydrolyzing sphingomyelin derived from the recycling/endocytic pathway

(Deevska et al. 2009). This was confirmed in mice lacking functional aSMase as

well as functional LDL receptors. These animals demonstrated that when

maintained on a high-fat diet, there were no increases in TAG content in the cytosol

of hepatocytes. They did, however, demonstrate increases in de novo sphingolipid

synthesis metabolites sphinganine, dihydroceramide, and ceramide, as well as the

activity SPT (Deevska et al. 2009). These animals were also protected against

diet-induced hyperglycemia and insulin resistance.

Sphingolipid synthesis in the kidney is also adversely affected by the develop-

ment of insulin resistance in other distal tissues. Hyperglycemia and insulin

resistance induced by fatty acid oversupply to the liver result in dramatic alterations

in kidney function, sphingolipid profiles, and the development of diabetic nephrop-

athy. Indeed, complex glycosphingolipids have been indicated in the development

of diabetic nephropathy, particularly where changes in glomerular sialic acids

and/or sialidase activity correlate with the onset of proteinuria (Cohen-Forterre

et al. 1984; Baricos et al. 1986; Cardenas et al. 1991; Mather and Siskind 2011).

Ceramide has also been implicated in renal injury as its accumulation is a result of

nephropathy induced by the consumption of a high-fat diet (Boini et al. 2010).

While this study pointed to ceramide as the causative agent in high-fat diet-induced

renal injury and nephropathy, glycosphingolipid levels were not assessed. As

ceramide is a necessary for glycosphingolipid synthesis, it is possible that the

synthesis of glycosphingolipids is also increased and may play a role (Boini et al.

2010). Indeed, the link between glucose metabolism, insulin resistance, and

glycosphingolipid synthesis in the kidney has been established (Zhao et al. 2007),

indicating glycosphingolipids in renal injury and the development of nephropathy.

The retina plays a significant role in vision and is adversely affected in type

2 diabetes; however, the effects of changes in sphingolipid metabolism have not

been thoroughly evaluated. Studies have indicated that the accumulation of

ceramide in response to fatty acid oversupply results in increased apoptosis in

retinal pericytes and induction of diabetic retinopathy (Cacicedo et al. 2005;

Fox et al. 2006). While these studies provide significant evidence, more has to be

done to ascertain the mechanism by which sphingolipid synthesis is perturbed in

the retina.
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9 Sphingolipids as Biomarkers of Diabetes

In addition to their direct roles in the pathogenesis of diabetes, sphingolipids have

also emerged as potential biomarkers of diabetes and the metabolic syndrome.

It has long been appreciated that sphingolipid levels are perturbed in the blood

plasma of diabetic patients. The first such finding indicated that glycosphingolipids

were elevated in the plasma of some groups of diabetic human patients (Kremer

et al. 1975). This was later confirmed by a study demonstrating that glucosyl-

ceramide was elevated in the plasma of diabetics (Serlie et al. 2007). Similarly,

plasma ceramides have emerged as potential biomarkers in diabetes. For example,

plasma ceramides were elevated in humans with type 2 diabetes and correlated

negatively with the rate of insulin-stimulated glucose disposal, indicating a

relationship between plasma ceramide levels and insulin resistance (Haus et al.

2009). Furthermore, the concentration of ceramide in the blood plasma positively

correlated with levels of the proinflammatory cytokine IL-6, which has been shown

to promote insulin resistance (de Mello et al. 2009). Additionally, it was shown in

human patients that sphingomyelin levels in the plasma membranes of erythrocytes

positively correlated with circulating insulin levels (Zeghari et al. 2000). These

results were echoed in an animal model of diabetes: sphingomyelin, ceramide,

sphingosine, and sphingosine-1-phosphate were all elevated in the plasma of ob/ob
mice, which are leptin-deficient, diabetic, and obese (Samad et al. 2006). Thus,

multiple studies have suggested that sphingolipid levels in the plasma correlate with

specific diagnostic criteria for diabetes and the metabolic syndrome in both mice

and humans.

Despite these highly suggestive observations, relatively few studies have

directly analyzed the predictive value of sphingolipid levels for diabetes. In one

such study, sphingomyelin content of erythrocyte plasma membranes was shown to

be an independent predictor of fasting insulin levels, degree of insulin resistance,

and level of glucose tolerance (Candiloros et al. 1996). Indeed, higher levels

of membrane sphingomyelin correlated with increased fasting insulin, insulin

resistance, and glucose tolerance in both normal and diabetic human patients.

Another recent study analyzed the potential of uncommon sphingosine bases as

biomarkers of type 2 diabetes and the metabolic syndrome (Othman et al. 2011). In

this study, plasma sphingolipids were deacylated, and the relative contributions of

different sphingoid bases to the total pool were quantified in a small, homogenous

population. The authors found that the concentrations of the uncommon sphingoid

bases deoxysphinganine and deoxysphingosine, which incorporate the amino acid

alanine rather than serine, were increased in patients with metabolic syndrome, with

or without type 2 diabetes. Additionally, it was found that the levels of these

compounds had a significant positive predictive value for the metabolic syndrome.

Furthermore, the concentration of C16-sphingosine, which is derived from

myristoyl-CoA rather than palmitoyl-CoA, was decreased in patients with both

diabetes and the metabolic syndrome, but not in patients with metabolic syndrome

alone. It was also determined that levels of C16-sphingosine had significant
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predictive value in differentiating patients with type 2 diabetes from prediabetic and

control patients. Thus, it was suggested that levels of alanine-derived sphingoid

bases are a potential biomarker for metabolic syndrome, with or without type

2 diabetes, while levels of C16-sphingosine could be used to detect the transition

from compensated insulin resistance to type 2 diabetes.

Together, these studies demonstrate the potential value of sphingolipids, and

particularly uncommon sphingolipids, as biomarkers of diabetes and the metabolic

syndrome. However, although strong correlations exist between sphingolipid levels

and parameters of these diseases, few studies have performed the statistical

analyses necessary to determine their predictive value, including ROC curves,

which determine specificity and sensitivity of a potential biomarker. Additionally,

further studies will be required to validate the findings of Othman et al. (2011) and

Candiloros et al. (1996). These studies would need to incorporate larger and more

diverse populations and, ideally, follow a prospective design. Furthermore, studies

of ceramides and complex sphingolipids could benefit from analysis of individual

N-acyl chain lengths. Thus, while plasma sphingolipids display much potential

as biomarkers of diabetes, substantial work remains to be done before these tests

reach the clinic.

10 Summary and Future Directions

Diabetes presents as a multifactorial disorder affecting multiple organ systems.

Although broader disease outcomes (e.g., liver disease, heart failure, kidney failure)

are complex and diverse, the underlying cellular and molecular etiologies flow

through some common channels. One major theme seems to be sphingolipid-

mediated insulin resistance and cell death, consequent to lipotoxicity. Indeed, a

great deal of work has been done to link de novo sphingolipid synthesis and

individual sphingolipid metabolites to particular molecular events. Broadly,

ceramide has been implicated as a toxic lipid promoting insulin resistance, meta-

bolic derangement, and cell death in skeletal muscle, heart, and pancreas

(Shimabukuro et al. 1998; Schmitz-Peiffer et al. 1999; Park et al. 2008). In contrast,

sphingosine-1-phosphate has been tentatively shown to exert protective effects in

these same organ systems, despite its promotion of inflammation (Rutti et al. 2009;

Holland et al. 2011). However, these general findings merely reveal an entire

network of questions about the specific molecular mechanisms of disease, espe-

cially regarding which pathways, enzyme isoforms, and sphingolipid metabolites

are pathogenic or protective. Fortunately, new tools have emerged that will allow

researchers to uncover precise aspects of these mechanisms.

Previously, the nature of the available experimental tools limited the resolution

to which sphingolipid pathways could be teased apart. For many years, ceramide

and its metabolites could only be measured by techniques such as TLC, which

revealed changes only in bulk levels of these lipids. However, recent developments

now allow researchers to examine detailed changes in sphingolipid N-acyl chain
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length profiles using quantitative mass spectrometry-based approaches (Bielawski

et al. 2010). Results in other disease contexts, particularly cancer, have

demonstrated that alterations in levels and proportions of ceramide N-acyl chain
lengths are functionally important (Senkal et al. 2010, 2011), and it may now be

determined whether the lipotoxic effects of ceramide occur due to increases in bulk

ceramide levels or to shifts toward particular chain length profiles. Furthermore,

mass spectrometry-based labeling strategies, such as the use of 13C-palmitate,

allowed investigators to trace the specific metabolic routes that are invoked in

their experimental systems, distinguishing between de novo synthesis and salvage

pathways, for instance (Hu et al. 2009). These findings would lead to a better

understanding of the underlying molecular mechanisms of ceramide-mediated

lipotoxicity.

Critically, determining the nature of any changes in sphingolipid N-acyl profiles
would help to reveal which CerS isoforms mediate the lipotoxic effects of ceramide

and its downstream metabolites, as each CerS isoform produces a unique N-acyl
chain length distribution (Pewzner-Jung et al. 2006; Laviad et al. 2008). Once

again, newly developed experimental approaches enable investigators to resolve

the cellular functions of particular CerS isoforms. While myriocin, which inhibits

SPT, or fumonisin B1, which inhibits all isoforms of CerS, can function as powerful

tools to screen for sphingolipid dependence, they reveal very little about involve-

ment of specific sphingolipid metabolic pathways (Wang et al. 1991; Miyake et al.

1995). In contrast, new approaches based on DNA transfection, RNAi, and knock-

out animals allow precise insight into the roles of specific CerS isoforms in cellular

functions and disease, with the caveat that dysregulation of individual isoforms can

perturb global CerS expression patterns (Mullen et al. 2011a, b). These approaches

may also be applied to other enzymes of SL synthesis that are present in more than

one isoform (e.g., ceramidase, sphingosine kinase, sphingomyelinase). Thoughtful

employment of these strategies would do much to advance the field beyond a binary

sphingolipid-dependent/sphingolipid-independent understanding of diabetic

molecular and cellular phenotypes. Successful identification of specific enzymes

for therapeutic targeting would also provide rationale for developing inhibitors

selective for specific CerS isoforms, a strategy already well underway for sphingo-

sine kinases (ref some Sk1 vs. SK2 inhibitor papers).

Notwithstanding the need for specific inhibitors, due to the highly inter-

connected nature of sphingolipid metabolism, any approach based on inhibiting

or perturbing these pathways should be interpreted with care. In particular, many

studies consider sensitivity to myriocin or fumonisin B1 to indicate a dependence

on ceramide itself, excluding potential roles for subsequent metabolites. In fact,

although such results are suggestive, they can be misleading; inhibition of de novo

sphingolipid synthesis can reduce not only levels of ceramide but of its downstream

metabolites (Saito et al. 2005; Mullen et al. 2011a, b). Thus, conclusions based on

inhibitor studies actually indicate a dependence on either ceramide or its down-

stream metabolites. Similar caution should be used when employing knockdown or

overexpression strategies to manipulate specific enzyme isoforms. Lipid profiles

produced by individual isoforms may partition distinctly either at a metabolic level,
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due to differential acyl chain length preferences of downstream enzymes, or at the

organelle level, due to different localization of particular enzymes of sphingolipid

metabolism [reviewed in Brice and Cowart (2011)]. Furthermore, knockdown of

individual CerS isoforms has been shown to perturb regulation of nontargeted

isoforms (Mullen et al. 2011a, b). Thus, results of inhibitor, knockdown, or

overexpression experiments should be interpreted cognizant of potential off-target

effects on sphingolipid synthesis and metabolism.

Similar caution should be exerted toward experiments using C2- and C6-ceramide,

which have served as important tools in determining the roles of sphingolipids in

diabetes. This is because these artificial, short-chain ceramides have different bio-

physical properties than endogenous ceramides and may induce distinct cellular

outcomes (Gidwani et al. 2003; Nybond et al. 2005), including lipotoxic outcomes

through mechanisms that are not physiologically relevant. For example, treatment

with C2-ceramide can provoke mitochondrial depolarization and cytochrome C

release in cardiomyocytes (Sparagna et al. 2000; Di Paola et al. 2004; Parra et al.

2008); these results would obviously suggest a role for ceramide. However, these

cellular events actually precede ceramide accumulation in the context of palmitate-

induced neonatal rat cardiomyocyte lipotoxicity, suggesting that this portion of the

lipotoxic cascade is not ceramide-dependent in this system (Sparagna et al. 2000).

Similarly, while pyridinium ceramides can provide important clues to intracellular

functions of ceramide, it should be kept in mind that these compounds preferentially

target to the mitochondria, which could potentially cause their functions to diverge

from those of natural ceramides (Dindo et al. 2006). Furthermore, the activity of

downstream enzymes, particularly the ceramidases, could be quite different toward

endogenous ceramides than toward either short-chain or pyridinium-containing

ceramides, which have modified N-acyl chains. Therefore, although treatment with

cell-permeable ceramide analogues can activate multiple pathologic pathways and

can provide important insights, other modes of experimentation are required to

confirm that these mechanisms of pathology are consistent with those induced by

endogenous sphingolipids.

In conclusion, it has been shown that sphingolipids play a multiplicity of both

harmful and protective roles in the pathogenesis of the metabolic syndrome

and diabetes, but these roles are, as yet, only crudely understood. A number of

important questions remain unanswered regarding the sphingolipid-diabetes axis,

and tools are now available to investigate mechanisms that would have been

inscrutable only a decade ago. In particular, it remains to be shown which enzyme

isoforms of sphingolipid metabolism are responsible for potentiating specific

aspects of the cellular diabetic phenotype. Furthermore, the individual sphingolipid

species involved in these processes are almost totally unknown. It is unknown

which specific sphingolipid N-acyl chain lengths or classes of chain lengths are

important in cellular pathology; just as critically, the roles of complex sphingolipids

and, in many tissues, the potently bioactive lipid sphingosine-1-phosphate remain

neglected. Furthermore, the vast majority of studies have focused on the roles

of sphingolipids in lipotoxicity; this may owe to the intuitive substrate-level

connection. However, glucotoxicity is also an important player in the pathogenesis
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of diabetes, and the literature has provided a few intriguing hints of a synergistic

relationship between sphingolipid-dependent glucotoxicity and lipotoxicity that

beg for further investigation. Finally, the possibility of using circulating

sphingolipids as clinical biomarkers is only now emerging. To develop this area,

larger-scale studies with appropriate statistical approaches will need to be

conducted. Furthermore, the physiological basis linking levels of particular

circulating sphingolipids to diabetes remains to be determined. Thus, while much

fundamental research has already implicated sphingolipids in diabetes in a very

general way, this field of study blossoms both with questions regarding specific

mechanisms of action and with new technologies and strategies to address them.
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Abstract Gaucher disease is an inherited metabolic disease caused by the defective

activity of the lysosomal enzyme, glucosylceramidase (GlcCerase), which is

responsible for the last step in the degradation of complex glycosphingolipids. As

a result, glucosylceramide (GlcCer) accumulates intracellularly. Little is known

about the mechanisms by which GlcCer accumulation leads to Gaucher disease,

particularly for the types of the disease in which severe neuropathology occurs.

We now summarize recent advances in this area and in particular focus in the

biochemical and cellular pathways that may cause neuronal defects. Most recent

work has taken advantage of newly available mouse models, which mimic to a large

extent human disease progression. Finally, we discuss observations of a genetic link

between Gaucher disease and Parkinson’s disease and discuss how this link has

stimulated research into the basic biology of the previously underappreciated

glycosphingolipid, GlcCer.
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1 Glucosylceramide in Gaucher Disease

Glucosylceramide (GlcCer) and galactosylceramide (GalCer) are the simplest

glycosphingolipids (GSLs) in mammalian cells. Both are synthesized by the glyco-

sylation of ceramide, with GlcCer synthesized on the cytosol surface of the Golgi

apparatus (Futerman and Pagano 1991) and GalCer synthesized mainly on the

lumenal surface of the endoplasmic reticulum (ER) (Gault et al. 2010). GlcCer
and GalCer are the precursors for more complex GSLs, which are synthesized by

sequential steps of glycosylation. Once synthesized, GSLs are targeted to the outer

leaflet of the plasma membrane, where they perform a number of critical functions

(Merrill 2011). Subsequent to their internalization via endocytosis, GSLs are

degraded in lysosomes by glycosidases. GalCer is cleaved to ceramide and galac-

tose via the action of galactosylceramidase (galactocerebroside, β-galactosidase),
and GlcCer is cleaved to ceramide and glucose via the action of glucosylceramidase

(glucocerebrosidase, GlcCerase). Genetic deficiencies in either of these enzymes

lead to an inherited disease: Krabbe disease in the case of defective GalCer

degradation (Suzuki 2003) and Gaucher disease (GD) in the case of defective

GlcCer degradation. This chapter focuses on GD.

GD is the most common lysosomal storage disease (LSD), and type 1 GD

(the non-neuronopathic form, see below) occurs with an incidence of about 1 in

40,000–60,000 in the general population and 1 in 500–1,000 among Ashkenazi Jews

(Horowitz and Zimran 1994). GlcCerase is highly susceptible to changes in its

protein sequence since >200 mutations have been described. The X-ray structure

of GlcCerase has been resolved (Dvir et al. 2003), which has lead to mechanistic

understanding of the mode of GlcCer hydrolysis (Brumshtein et al. 2007). The
GlcCerase structure consists of a characteristic (α/β)8 (TIM) barrel containing the

catalytic residues, designated as domain III, and two smaller domains, I and II,

which are composed mainly of β-sheets. Although their biological role is unknown,
mutations in both domains I and II can cause GD. Three loops, which control access

to the active site, have been shown to display alternative conformations (Premkumar

et al. 2005). No 3D structures of any of themutations causing GD, including themost

common mutation, N370S, were available until recently, when two independent

studies appeared simultaneously. One used X-ray crystallography to solve

the structure experimentally (Wei et al. 2011), whereas the other used molecular

dynamics (Offman et al. 2010). Both studies analyzed the structure at physiological
and lysosomal pH, but the molecular dynamics study also examined the structure

of the apoenzyme and that of a complex with N-butyldeoxynojirimycin, a putative

chemical chaperone (Sawkar et al. 2006). Based on these studies, suggestions were

made as to how the N370S mutation affects GlcCer hydrolysis.
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Below, we discuss how the accumulation of this simple GSL, GlcCer, leads to

the diverse and complex pathologies that have been described since GD was first

discovered more than a century ago by the French physician, Philippe Gaucher

(Gaucher 1882). In particular, we focus on the forms of the disease which display

overt neurological symptoms. After introducing disease classification, we discuss

the limited availability of mouse models (which has been a bottleneck for basic

research aimed at delineating disease pathology), recent progress in determining the

cellular and biochemical pathways that are responsible for disease pathology,

particularly in the brain, and finally discuss very recent clinical findings that

imply a genetic connection between Parkinson’s disease and GD. The latter issue

has pushed GD research to the forefront of studies on neurodegenerative disorders

and has served as a reminder that the study of even the most simple and esoteric

GSLs can lead to significant advances in research fields that were previously

thought to be beyond the reach of sphingolipids.

2 Clinical Classification of GD and Treatment Options

GD is nowadays commonly divided into three subtypes based on age of onset and

on signs of nervous system involvement. Type 1, classically defined as the chronic

non-neuronopathic form, is the most common (>90 % of patients). The major

symptoms of type 1 GD patients are enlargement of the spleen and liver

(hepatosplenomegaly), anemia, thrombocytopenia, bone pain, and skeletal lesions

(Cox and Schofield 1997). GlcCer accumulation is mainly restricted to

macrophages, known as “Gaucher cells,” which are the classical hallmark of the

disease. However, although type 1 is defined by the absence of nervous system

involvement, an increasing number of reports have emerged documenting neuro-

logical manifestations in patients with type 1 GD (Pastores et al. 2003).
Types 2 and 3, the neuronopathic forms of GD (nGD), are classified according to

the time of onset and rate of progression of neurological symptoms. Type 2, the

acute neuronopathic form, is very rare (1 % of patients) and usually refers to

children who display neurological abnormalities before 6 months of age and die

by age of 2–4 years (Sidransky et al. 1996). The subacute, chronic neuronopathic

form (type 3) is also relatively rare (5 % of patients), and patients present with

similar symptoms to those observed in type 2 but with a later onset and decreased

severity. More than 200 different mutations have been identified in the GlcCerase

gene (Beutler et al. 2005; Dvir et al. 2003) with no major correlation detected

between genotype and phenotype. Prediction of the clinical course of the disease

cannot usually be made on the basis of mutational analysis, with some patients

having the same mutation severely affected, whereas others are asymptomatic

(Azuri et al. 1998); attempting to understand the different susceptibilities of

different individuals to the same GlcCerase mutation is one of the most exciting

and unexplored areas in GD research.
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Currently available treatments for GD include enzyme replacement therapy and

substrate reduction therapy (Futerman et al. 2004; Platt and Jeyakumar 2008). Although

enzyme replacement therapy has a marked effect on non-neurological manifestations,

it has no demonstrable effect on neurological abnormalities since it does not cross the

blood–brain barrier (Vellodi et al. 2009). Other potential treatments include cell and

gene therapy as well as pharmacological chaperones (Platt and Lachmann 2009).

Althoughmany years have passed sinceGDwas first described, little is known about

the molecular mechanisms leading from GlcCer accumulation to neurodegeneration

and/or neuronal cell death. One major reason for this was the absence, until recently,

of genuine nGD mouse models that faithfully mimic nGD symptoms.

3 nGD Mouse Models

The first attempt to generate an animal model for use in GD research involved

administration of an active site-directed inhibitor of GlcCerase (Legler and

Bieberich 1988; Premkumar et al. 2005), conduritol-β-epoxide (CBE) (Kanfer

et al. 1975). Daily intraperitoneal injections of mice using relatively large doses

of CBE for 3 weeks resulted in >90 % inhibition of GlcCerase activity and GlcCer

accumulation in the spleen, liver, and brain, which could be reversed upon termi-

nation of CBE treatment (Stephens et al. 1978). Surprisingly, despite the fact that

this chemically induced model is efficient and relatively inexpensive, it has not

been widely used.

Generation of the first genetic mouse model of GD was based on production of a

null GlcCerase allele (the gba�/� mouse). However, this mouse died soon after

birth due to a skin permeability disorder (Tybulewicz et al. 1992) and was therefore
not useful to study the long-term effects of GlcCer accumulation. Another GD

mouse model, the L444P mouse, which carries a mutation that most commonly

leads to nGD in humans, did not accumulate significant GlcCer levels and did not

display central nervous system (CNS) pathology (Mizukami et al. 2002). More

recently, two new nGD mouse models were generated. One of these displayed a

marked reduction in GlcCerase activity in all tissues except the skin (the K14-

loxp–Neo–loxp (lnl)/lnl mouse) (Enquist et al. 2007), and the other was generated

by restricting the GlcCerase deficiency to the CNS (Enquist et al. 2007), in

particular in neural and glial cells but not microglia. In this model, GlcCer levels

were elevated in the brain but not in the spleen or liver (Enquist et al. 2007). These
mice exhibited rapid motor dysfunction associated with severe neurodegeneration

and neuronal loss and developed paralysis by 21 days of age (Enquist et al. 2007).
Some of these features are reminiscent of neuropathological findings in nGD

patients (Enquist et al. 2007; Wong et al. 2004). These mice were the first geneti-

cally induced mouse models that faithfully recapitulated neuropathological and

biochemical aspects of nGD in human patients, paving the way for investigation

of basic pathogenic mechanisms and of potential treatments.
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4 Cellular and Biochemical Pathways in GD

Using the mouse models described above, along with various in vitro models, such

as hippocampal neurons incubated with CBE (Korkotian et al. 1999; Pelled et al.
2000), a number of clues about possible pathological mechanisms in nGD have

been obtained (Vitner et al. 2010a and b). However, some pathological mechanisms

have been proposed based on studies in human skin fibroblasts obtained from GD

patients, which may not be a suitable model for nGD research, since they may not

share pathways affected in neuronal tissues, and, moreover, there is no evidence

that fibroblasts from GD patients actually accumulate significant GlcCer levels. By

way of example, ER stress together with activation of the unfolded protein response

(UPR) was suggested to play a key role in cell death in nGD, and the UPR was

proposed to be a common mediator for apoptosis in LSDs (Wei et al. 2008); this
data was based on analysis of the UPR in a variety of human skin fibroblasts from

LSD patients, including from nGD patients. In contrast, when the UPR was studied

in either cultured neurons or astrocytes or in brain regions from nGD mouse

models, even at late symptomatic stages, no evidence of UPR was observed

(Farfel-Becker et al. 2009). This example serves as a note of caution that

conclusions concerning pathological mechanisms in neuronal forms of LSDs,

such as nGD, need to be derived from studies performed with appropriate tissues,

cell types, or animal models.

4.1 Calcium Homeostasis in nGD

A number of studies have shown a mechanistic link between GlcCer accumulation

in nGD and calcium homeostasis. Calcium plays an important role in regulating a

variety of neuronal processes. The ER is the major intracellular Ca2+ store in

neurons (Henkart 1980). Ca2+ is released from the ER to the cytosol via two

types of Ca2+-gated Ca2+-release channel known as the ryanodine receptor (RyR)

(Fill and Copello 2002) and the inositol 1,4,5-trisphosphate-gated Ca2+-release

channel known as the IP3 receptor (IP3R) (Mikoshiba 1997).

In 1999, the first correlation was demonstrated between altered Ca2+ homeostasis

and neuronal cell death in nGD (Korkotian et al. 1999). Upon incubation of neurons

with CBE, enhanced Ca2+ release was observed from intracellular stores in response

to caffeine, an agonist of the RyR, which resulted in increased sensitivity to neuro-

toxic agents, especially glutamate. Inhibition of SL synthesis or addition of exoge-

nously added GlcCerase abolished the deleterious effect of GlcCer, as did

preincubation with antagonistic concentrations of ryanodine (Pelled et al. 2000).
Moreover, GlcCer was shown to directly interact with and modulate the activity of

the RyR. When added exogenously to rat brain microsomes, GlcCer itself had no

effect on Ca2+ release but significantly and specifically augmented Ca2+ release
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induced by RyR agonists (Lloyd-Evans et al. 2003). In addition, elevated agonist-

induced Ca2+ release was detected in human temporal lobe brain microsomes that

were obtained post-mortem from GD patients (Pelled et al. 2005). Together, these
findings suggested that defective Ca2+ homeostasis may be a mechanism responsible

for at least some of the neuropathophysiology in nGD.

4.2 Gaucher Disease and Inflammation

Most studies on inflammation in GD have been performed on type 1 GD. GlcCer

storage in macrophages leads to macrophage activation and release of both

cytokines and chitinase chitotriosidase, the latter serving as a useful clinical

biomarker for the disease (Jmoudiak and Futerman 2005). Levels of interleukin-

1β (IL-1β), interleukin-1 receptor antagonist, IL-6, tumor necrosis factor α (TNFα),
and soluble IL-2 receptor (sIL-2R) were elevated in the serum of GD patients

(Barak et al. 1999), as were CD14 and M-CSF (Hollak et al. 1997).
Limited studies have been performed on neuroinflammation in nGD. Hong et al.

found elevation of the proinflammatory cytokines, IL1-α IL1-β, IL-6, and TNFα in

fetal brains of gba null mice as well as elevation in ROS (Hong et al. 2006).
However, since gba null mice die before significant CNS damage (Willemsen

et al. 1995), this model is limited in its application. A recent study demonstrated

elevation of TNFα and IL-6 mRNA in the midbrain of a GD-like mouse model

(V394L/V394L þ saposin C�/�) (Sun et al. 2011). However, since this mouse

model is not a bona fide nGD model, as GlcCer levels are only moderately elevated

(Farfel-Becker et al. 2011a; Sun et al. 2010), the relevance of these findings to nGD
is uncertain.

We recently demonstrated cathepsin D elevation in microglia using the

nestin-flox/flox nGD mouse (Vitner et al. 2010b). Cathepsin mRNA expression

was elevated by up to ~10-fold, with the time course of the increase correlating with

the progression of disease severity. Significant changes in cathepsin D distribution

in the brain were detected, with cathepsin D elevated in areas where neuronal loss,

astrogliosis, and microgliosis were observed, such as in layer V of the cerebral

cortex, the lateral globus pallidus, and in various nuclei in the thalamus, brain

regions known to be affected in nGD. Cathepsin D elevation was greatest in

microglia and also noticeable in astrocytes. The distribution of cathepsin D was

altered in neurons in a manner consistent with its release from the lysosome to the

cytosol. These data suggested the involvement of cathepsins in the neuropathology

of nGD, which is consistent with a crucial role for reactive microglia in neuronal

degeneration.

In addition, significant changes in levels of inflammatory mediators were

demonstrated in the brain of these mice (Vitner et al. 2012). Levels of mRNA

expression of IL-1β, TNF-α, TNF-α receptor, macrophage colony-stimulating factor,

and transforming growth factor-β were elevated by up to ~30-fold. The most
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significant elevation was detected for the chemokines CCL2, CCL3, and CCL5.

Blood–brain barrier disruption was also evident in nGD mice. Extensive elevation

of nitrotyrosine, a hallmark of peroxynitrite formation, was also observed, consistent

with oxidative damage caused by macrophage/microglia activation. Based on these

results, we suggested that once a critical threshold of GlcCer storage is reached in

neurons, a signaling cascade is triggered that activates microglia, which in turn

release inflammatory cytokines that amplify the inflammatory response, contributing

to neuronal death (Fig. 1). The involvement of neuroinflammation in neuronal cell

death in nGD was further supported by findings showing that microglial activation

and astrocytosis are spatially and temporally correlated with selective neuronal loss

(Farfel-Becker et al. 2011b). Interestingly, both neuroinflammation and neuronal loss

in defined areas were detected before the onset of noticeable symptoms implicating

these mechanisms in early disease pathogenesis.

Fig. 1 Possible pathological cascades in nGD. Upon neuronal GlcCer accumulation, neurons

signal to the surrounding microglia by an unknown mechanism, (1) and as a result, resting

microglia becomes activated (2). Activated microglia initiate a neuroinflammatory cascade

involving elevation of cytokines and neurotoxic agents such as IL-1β, TNFα, and reactive

oxygen/nitrogen species (3), which results in neuronal cell death (4) and BBB permeabilization

(5). The persistence of GlcCer accumulation in neurons, neuronal cell death, and continuous glial

activation results in chronic inflammation, which further enhances neuronal cell loss (6)
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5 Brain Pathology in GD

The most consistent neuropathological finding in nGD is the periadventitial

accumulation of Gaucher cells along with neuronal loss and astrogliosis (Conradi

et al. 1984, 1988, 1991; Kaye et al. 1986; Schiffmann and Vellodi 2007). The most

detailed analysis of brain pathology in GD was performed by Wong et al. (2004).

After analyzing 14 brains of types 1, 2, and 3 GD patients, it was found that cerebral

cortical layers 3 and 5, hippocampal CA2-4, and layer 4b of the calcarine cortex

were involved in all GD patients. While neuronal loss predominated in nGD

patients, patients classified as type 1 displayed astrogliosis in these areas. Interest-

ingly, adjacent regions, including hippocampal CA1 and calcarine lamina 4a and

4c, were spared of pathology, highlighting the specificity of the vulnerability of

selective neurons. The brainstem was significantly gliotic in most patients, as well

as the red nucleus of the midbrain. Nonspecific gray and white matter gliosis was

observed in most patients.

A detailed and systematic description of the temporal and spatial progression

of neuropathological changes in a mouse model of nGD is now available (Farfel-

Becker et al. 2011b), allowing comparisons with changes observed in human nGD.

Thus, consistent with the pathology in human nGD brain, cortical layer V is

severely affected in nGD mice, with motor and somatosensory cortex being more

affected than caudal cortical regions, such as the visual cortex. Human nGD

patients show selective loss of pyramidal neurons in CA2–CA4, but not in the

CA1 regions of the hippocampus (Wong et al. 2004), and a similar pattern was

observed in nGD mice with respect to microglial activation, although this occurred

late in disease progression and was not as pronounced as in other brain areas

(Farfel-Becker et al. 2011b). Substantia nigra and red nucleus pathology were

observed in both the human and in mouse nGD brain (Farfel-Becker et al. 2011b;

Wong et al. 2004).
Neuropathological changes were also indentified in nGD mice in the substantia

nigra reticulata (SNR) and in the reticulotegmental nucleus of the pons (RtTg),

which may be related to the abnormal eye movements observed in humans, and in

the cochlear nucleus and inferior colliculus, which may be related to the abnormal

auditory brainstem responses in human patients; both phenomena are early neuro-

logical signs in nGD patients (Farfel-Becker et al. 2011b). Many components of the

somatosensory system, including the sensory trigeminal nucleus SP5 and the

thalamic nucleus VPM/VPL, showed significant early pathology in mice (Farfel-

Becker et al. 2011b). Another anatomical characteristic of the structures that

display microglial activation in nGD mice is that many of them send mossy fibers

to the cerebellum. These structures include the pontine nuclei (which receives its

major input from cortical layer V), the RtTg, the vestibular nuclei, the lateral

reticular nucleus (LRt), the dorsal column nuclei, the trigeminal nuclei, and the

spinal cord, which all displayed early microglial activation in mice (Farfel-Becker

et al. 2011b).
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6 GD and Parkinson’s Disease

Of enormous importance to research on GD, and specifically to nGD, is the recent

suggestion of a genetic link between Parkinson’s disease (PD) and GD. Clinical

observations, genetic and family studies, and neuropathological examinations

suggested that alterations in GlcCerase may increase the susceptibility for PD.

The first suggestion of a possible relationship between GD and PD was based on

observations of PD in patients and of relatives of GD patients (Goker-Alpan et al.
2004; Halperin et al. 2006; Tayebi et al. 2003). This was further supported by

several studies documenting a genetic association between PD and GlcCerase

mutations in several population groups (Eblan et al. 2006; Gan-Or et al. 2008;
Kalinderi et al. 2009; Mao et al. 2010; Rogaeva and Hardy 2008; Sidransky et al.
2009; Ziegler et al. 2007). Recently, the frequency of GlcCerase mutations in an

ethnically diverse group of PD patients was determined. GlcCerase mutations in PD

patients were screened in 16 centers around the world and demonstrated a strong

association between GlcCerase mutations and PD (Sidransky et al. 2009). Either
one of the two GlcCerase mutations, L444P and N370S, was found in 15 % of PD

patients and 3 % of controls among Ashkenazi Jewish subjects. Among non-

Ashkenazi Jewish subjects, either mutation was found in 3 % of PD patients,

while in controls it was <1 %. The odds ratio for any GlcCerase mutation in PD

patients versus controls was 5.43. Moreover, patients who had a GlcCerase

mutation presented earlier PD symptoms than patients not carrying the mutation

(Goker-Alpan et al. 2008) and were more likely to have affected relatives. Most

studies did not detect any other significant difference in clinical manifestations and

disease progression between GlcCerase carriers and controls (Velayati et al. 2010),
but two studies noted atypical clinical PD manifestations and an earlier onset in

patients with GlcCerase mutations (Goker-Alpan et al. 2010; Sidransky et al. 2009).
Neuropathological and histopathological examinations also supported this link.

Brains from patients with early-onset Parkinsonism and type 1 GD showed

α-synuclein inclusions in neurons from regions CA2-4 in the hippocampus. Those

inclusions were similar to Lewy bodies found in the brainstem of PD patients. In

one patient, loss of substantia nigra neurons was detected along with brainstem-type

Lewy bodies (Wong et al. 2004). Even though type 1 GD is classically

characterized by lack of CNS involvement, neurological involvement, including

PD, has been found in type 1 patients (Biegstraaten et al. 2008; Capablo et al. 2008);
indeed, a recent study documented 60 patients with GD type 1 that exhibit adult

onset Parkinsonism (Alonso-Canovas et al. 2010).
Immunofluorescence and immunohistochemical analyses have also been

performed on brain tissues from GD patients and carriers with Parkinsonism. All

of the samples with GlcCerase mutations showed Lewy body pathology, and

GlcCerase and α-synuclein were detected in Lewy body inclusions. Among patients

with GlcCerase mutations, the mean number of Lewy bodies that stained positive

for GlcCerase was 75 % but only 5 % in controls (Goker-Alpan et al. 2010).
Imaging with positron emission tomography (Poupetova et al. 2010) showed
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presynaptic dopaminergic deficits, while transcranial ultrasound showed nigral

hyperechogenicity (Saunders-Pullman et al. 2010). Substantia nigra hyperecho-

genicity is related to a high iron levels in the tissue and increasing ROS production

by cells in the substantia nigra (Berg et al. 2002). These two features are consistent
with Parkinsonism (Saunders-Pullman et al. 2010). Hypometabolism in the supple-

mental motor area has also been suggested as a clinical characteristic of GD carriers

experiencing Parkinsonism (Kono et al. 2010).
Some biochemical studies have been performed to attempt to examine the

link between PD and GD. Reduced GlcCerase activity was observed in the cerebro-

spinal fluid of PD patients (Balducci et al. 2007). A single injection of CBE to a

mouse resulted in elevated nigral α-synuclein levels after 48 h (Manning-Bog et al.
2009). α-Synuclein aggregation was observed in brains from some nGD mice but

not others (Xu et al. 2011), and there was a difference in α-synuclein concentrations
in mice carrying one versus two D409V alleles (Cullen et al. 2011).

An extensive literature review (Shachar et al. 2011) identified case reports of

appearance of α-synuclein deposits in the brain and of substantia nigra pathology

that suggested that additional LSDs might be associated with PD. These findings

indicate that the search for biochemical and cellular pathways that link PD with

LSDs should not be limited exclusively to changes that occur in GD, such as

changes in GlcCerase activity or in GlcCer levels, but rather include changes that

might be common to a wide variety of LSDs. Indeed, a mechanistic link between

GD and PD was suggested in a study showing that lysosomal GlcCer accumulation

stabilizes α-synuclein oligomers and that α-synuclein inhibits lysosomal trafficking

of GlcCerase in synucleinopathies (Mazzulli et al. 2011). Likewise, a direct

physical interaction between specific residues in α-synuclein and GlcCerase in

the lysosome was suggested (Yap et al. 2011), and CNS expression of GlcCerase

corrected α-synuclein pathology and memory in a mouse model of a GD-related

synucleinopathy (Kinghorn 2011). Thus, although there is little doubt that a con-

nection (both genetic and biochemical) exists between GD and PD, which might be

explained mechanistically by some of the examples given above, the possibility of a

wider association between other LSDs and PD should drive the field to examine

other possible biochemical mechanisms that may involve common pathological

pathways in various LSDs.

7 Conclusions

Although GlcCer is the simplest GSL, its accumulation in GD, and in particular in

the brain of nGD patients, results in unexpectedly complex pathologies. One of the

main issues remaining to be resolved is the identification of the initial event(s) that

triggers these pathological cascades. Our discovery of a role for dysfunctional ER

calcium stores may be a right step in this direction, but more proximal events still

await identification. Does lysosomal GlcCer accumulation affect general lysosomal

function? If so, what specific mechanisms might be involved? Does the lysosome
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send a distress signal once a threshold level of GlcCer accumulates, and if so, what

are the signaling mechanisms? How are other intracellular organelles affected? Are

the inflammatory pathways common to other LSDs or specific to GD? Why are

certain brain areas susceptible to inflammation, and does this correlate with sus-

ceptibility of certain neuronal populations upon GlcCer accumulation? These, and

other questions, need to be addressed in order to obtain a more extensive picture of

the role of GlcCer in GD pathology and to interrupt disease onset and/or

progression.
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Abstract Sphingolipids, the main component of cellular membranes, are cellular

‘jack-of-all-trades’, influencing a variety of functions including signal transduction,

cell activation, membrane fluidity and cell–cell interactions.

In the last few years, sphingolipids have begun to be investigated in the patho-

physiology of major diseases of the brain, e.g. multiple sclerosis and dementia.

Modulation of neuroinflammatory responses, such as lymphocyte behaviour, is a

chance to intervene in the pathways that cause disease. There is much research still

to be done in this field, but the prospect of treating previously untreatable medical

conditions compels us onwards. Here, we review the current knowledge of the link

between sphingolipids and neuroinflammation.
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1 Introduction

Sphingolipids are increasingly implicated as important players in the pathophysiology

of a variety of neuroinflammatory diseases, particularly multiple sclerosis, but

also others such as stroke, dementia and inflammatory neuropathies. Recently, a

series of discoveries have confirmed the hypothesis linking sphingolipid function

and neuroinflammation. The precise role of sphingolipids in neuroinflammation,

however, is complex acting via diverse mechanisms such as apoptosis,

astrogliosis, leukocyte activation, leukocyte trafficking and associated receptor

clustering (Jana and Pahan 2010). Much of what we know in this field has been

discovered within the last 15 years and will remain a veritable treasure chest for

future studies and developments. However, although there is still much to learn,

progress in understanding and transfer of sphingolipid targeting treatment in

numerous neuroinflammatory conditions has already begun.

2 Neuroinflammation Mechanisms

Neuroinflammation, much like inflammation in other organ systems, is the response

of tissue to injurious stimuli, e.g. infections, trauma, toxins and autoimmune

reactions (Crutcher et al. 2006). These injurious stimuli either are passed on via

the peripheral circulation or develop directly in the nervous system (Streit et al.

2004; Rivest 2009). Neuroinflammation includes both nervous system damage and

subsequent repair and regeneration (Frank-Cannon et al. 2009). Neuroinflammatory

diseases are classified either according to timing (i.e. acute vs. chronic inflammatory

processes) or according to localisation (i.e. central vs. peripheral nervous system

inflammation).

A common pathophysiological hallmark is the release of proinflammatory

mediators, such as TNFα, interleukin-(IL)6, IL-1β, nitric oxide and ROS produc-

tion; this is the result of a variety of mechanisms and inflammatory cells and is

involved in mediating nervous tissue damage (Rao et al. 2012). For example, acute

traumatic nerve injury induces TNFα production by activated Schwann cells, which

subsequently alters neuronal function resulting in both acute pain and the develop-

ment of chronic neuropathic pain (Myers and Shubayev 2011). Neuroinflammation

with NF-κB activation and subsequent production of inflammatory mediators such

as IL-6, TNFα, COX-2 or iNOS is an integral component of the commonly

occurring diabetes-induced chronic neuropathy which results in sensory deficits

(Cameron and Cotter 2008; Edwards et al. 2008; Kumar et al. 2012).

The acute autoimmune neuropathy, Guillain–Barré syndrome (demyelinating and/

or axonal-affecting subtypes), shows an immense inflammatory cell infiltration into

the peripheral nerves consistingmainly ofTh1 andTh17 cells, aswell asmacrophages.
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The inflammatory attack leads to a block or impairment of impulse conduction with a

clinical presentation of paresis and, in severe cases, respiratory failure (Kieseier et al.

2004; Hughes and Cornblath 2005; Langrish et al. 2005; Yang et al. 2008).

However, aside from the aforementioned neuroinflammatory mechanisms in

peripheral nervous system diseases,most of the research focuses on neuroinflammation

in the central nervous system (CNS).

Inflammation and immunity play key roles in the pathophysiology of most of the

CNS diseases. Examples of neuroinflammatory diseases include acute diseases,

such as bacterial, viral and parasitic infections; traumatic CNS injury; stroke and

chronic diseases such as multiple sclerosis (MS); Alzheimer’s disease; Parkinson’s

disease; Huntington’s disease; and amyotrophic lateral sclerosis (McGeer and

McGeer 2001; McColl et al. 2007; Wang and Doré 2007; Frank-Cannon et al.

2009). In the majority of cases, the magnitude of CNS inflammation is strongly

dependent on the integrity of the blood–brain barrier.

Since the late nineteenth century, the CNS has been considered to be an

immunoprivileged organ, insulated from the rest of the body by the so-called

blood–brain barrier, protecting against invading pathogens (Ribatti et al. 2006).

When there is blood–brain barrier compromise, such as in stroke, MS or acute CNS

infection, leukocytes infiltrate from the peripheral circulation and act in concert

with the resident innate immune cells of the CNS. This sustained local inflamma-

tory reaction is orchestrated by the local production of cytokines, chemokines,

antibodies that aggravate blood–brain barrier disruption and increased leukocyte

recruitment from the periphery mediated by adhesion molecules on both endothe-

lium and lymphocytes (Rivest 2009; Jana and Pahan 2010; Barth et al. 2012).

Analysis of the cerebrospinal fluid of patients with inflammatory neurological

diseases (including MS) revealed an enrichment of Th1-polarised memory T cells

that were capable of differentiating into effector cells after antigen exposure. T cells

are locally recruited by inducible chemokines (Giunti et al. 2003), which link the

immune and nervous system, and are thought to confer a number of leukocyte

functions during inflammation (Ransohoff 2012).

In general, a consequence of brain inflammation is reactive gliosis typified by

glial cell hypertrophy and proliferation, activation of astrocytes and microglia and

sustained release of inflammatory mediators as well as increased oxidative and

nitrosative stress (Barth et al. 2012). In particular, microglial activation is consid-

ered to be crucial in the development of several chronic neuroinflammatory CNS

diseases that lack the extensive infiltration of blood-derived leukocytes (Streit et al.

2004). For example, activated microglia detected in the substantia nigra in

Parkinson’s disease are thought to be the cause of nerve cell death (McGeer et al.

1988; Witton 2007). Inflammation caused by microglial activation has also been

proposed as a neurotoxic mechanism for other neurodegenerative diseases, most

notably Alzheimer’s disease. Several clinical studies show a reduced risk of devel-

oping Alzheimer’s disease following the use of nonsteroidal anti-inflammatory

drugs (NSAIDs; In t’Veld et al. 2001; Etminan et al. 2003).
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3 Sphingolipids: Major Players in Neuroinflammation

Sphingolipids are one of the main components of cell membranes, and their

metabolism is a critical step involved in a number of cellular processes (Gulbins

and Lee 2006). Nervous system cell subtypes, in particular, have a vast repertoire of

sphingolipids; the highest concentrations of gangliosides can be found in the grey

matter of the CNS, and four of five known sphingosine 1-phosphate (S1P) receptors

are expressed in one or more CNS cell types (Choi and Chun 2013; Yu et al. 2012).

It has been demonstrated that the deletion of sphingosine kinase or sphingo-

sine-1-phosphate (S1P) receptor reduces astroglial proliferation and gliosis

(Wu et al. 2008). A knockdown of neutral sphingomyelinase (nSMase) decreases

glial activation in mouse cortex in an in vivo model, strongly suggesting that

sphingolipids are involved in glial activation and play an important role in modula-

tion of neuroinflammation. NSMase knockdown was also able to prevent the

induction of proinflammatory molecules (TNFα, iNOS, IL-1β and IL-6) and the

activation of NF-κB (Jana and Pahan 2010).

FTY720, the S1P agonist, when applied to TNFα-treated human astrocytes,

reduced the secretion of monocyte chemotactic protein-1, indicating attenuating

effects of the proinflammatory response of astrocytes (Van Doorn et al. 2010).

Conversely, the addition of S1P to activated microglia resulted in increased mRNA

expression levels of TNFα, IL-1β and iNOS and production of TNFα and nitric

oxide (Nayak et al. 2010). Furthermore, it has been shown that LPS treatment

increases sphingosine kinase 1 (SphK1) mRNA and protein expression in microglia

and that the suppression of SphK1 results in decreased mRNA expression of TNFα,
IL-1β and iNOS and release of TNFα and nitric oxide (Nayak et al. 2010).

Additionally, stimulation of T cells or B cells (via the co-stimulatory receptors,

CD28 and CD40, respectively) results in the activation of acid sphingomyelinase

(aSMase) and release of ceramide (Stoffel et al. 1998). LFA-1, a key adhesion

molecule at the blood–brain barrier, also triggers release of ceramide, possibly

through aSMase (Rosenman et al. 1993). Ceramide released by nSMase is also

involved in the stimulation of lymphocytes via the adhesion molecule, L-selectin

(Phong et al. 2003).

4 Sphingolipids in Acute Neuroinflammatory Diseases

The prototype of acute neuroinflammatory CNS diseases is meningoencephalitis

caused by bacteria, virus, fungi or parasites. Recently, an involvement of

sphingolipids in disease pathogenesis has been reported; specifically, measles

virus has been shown to cause ceramide accumulation in human T cells through

the activation of nSMase and aSMase (Gassert et al. 2009), which is important for

measles virus uptake by dendritic cells (Avota et al. 2011). In patients with HIV-

associated neurological disorders, a dysregulation of sphingomyelin and ceramide

has been suggested (Ben-David and Futerman 2010; Huang et al. 2011).
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Based on the observation that plasma S1P is decreased in children with cerebral

malaria, FTY720 (a S1P agonist) treatment in a murine model has been demonstrated

to improve survival, decrease plasma IFNγ levels, reduce soluble ICAM-1, increase

angiopoietin-1 and decrease blood–brain barrier leakage (Finney et al. 2011). An

in vitro study using human microvascular endothelial cells showed that the endocyto-

sis of Cryptococcus neoformans, the cause of a devastating meningoencephalitis,

is mediated by lipid rafts involving CD44 (Huang et al. 2011).

In traumatic spinal cord injury, two clinical trials showed that treating patients

with GM-1 gangliosides resulted in a faster neurological recovery (Geisler et al.

1991, 2001); this, however, has not yet been fully transferred to daily clinical

practice. Investigations in murine models of spinal cord injury also hint towards

an involvement of ceramide in disease pathophysiology (Pannu et al. 2004;

Cuzzocrea et al. 2009). Intrathecal injections of ceramide biosynthesis inhibitors

attenuated neuropathic pain and suppressed microglial activation in the spinal cord

(Kobayashi et al. 2012).

Stroke, which affects 16 million people worldwide every year, is one of the most

important acute neurological diseases (Strong et al. 2007). There is increasing

evidence of an involvement of ceramide in ischemia-induced mitochondrial injury

(Novgorodov and Gudz 2011). Furthermore, FTY720 treatment has been shown to

display neuroprotective effects with reduced ischaemic lesion size in mouse and rat

models of stroke (Czech et al. 2009; Hasegawa et al. 2010). Similar observations

have been made upon treatment with sphingomyelin analogues which inhibit

nSMase activity (Soeda et al. 2004).

Guillain–Barré syndrome is currently the best described inflammatory disease of

the peripheral nervous system. For many years, this disease has been known to be

associated with sphingolipids; specifically, patients develop autoantibodies to dif-

ferent gangliosides (GM1, GD1a, GT1a and GQ1b) depending on the subtype of the

disease (Yuki and Hartung 2012). There are several clues that hint at a beneficial

role of gangliosides in Guillain–Barré syndrome (Köhne et al. 2012). For example,

internalisation of anti-ganglioside antibodies into rat neuronal cells attenuated

complement-mediated neuronal toxicity (Fewou et al. 2012). Furthermore, chal-

lenge of rat Schwann cells with phosphorylated FTY720, which induced production

of reactive oxygen species associated with cell apoptosis and GalNAcT/ST-II

double knockout mice, lacking most of the gangliosides, develops significant and

progressive neuropathies (Tajima et al. 2009).

5 Sphingolipids in Chronic Neuroinflammatory Diseases

Huntington’s disease is one of the most common genetic neurological diseases with

accumulation of the huntingtin protein in neurons, resulting in inflammation

(Frank-Cannon et al. 2009). Lipid alterations in the brains of patients with

Huntington’s disease were already described in 1967 (Borri et al. 1967), but it

was only 45 years later that a sphingolipid-modulating therapy has been shown to
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have beneficial effects in a murine model of the disease. Intraventricular treatment

of mutant huntingtin mice, with ganglioside GM1, induced phosphorylation of the

huntingtin protein and attenuated its toxicity, restoring normal motor function in

already symptomatic mice (Di Pardo et al. 2012).

Another devastating neurodegenerative disease is amyotrophic lateral sclerosis

characterised by progressive degeneration of motor neurons and neuroinflammation

driven by resident microglia and intracerebrally invading macrophages (Frank-

Cannon et al. 2009). Abnormalities in sphingolipid metabolism have been reported

in the transgenic mouse model of the disease (SOD mutant mice), as well as in

amyotrophic lateral sclerosis patients. Oxidative stress increased the accumulation

of sphingomyelin and ceramide, while pharmacologic inhibition of sphingomyelin

synthesis not only prevented this accumulation but also protected motor neurons

against oxidative stress (Cutler et al. 2002). Several case reports point towards

seroconversion with development of anti-GM-1 antibodies during the disease

course of at least some amyotrophic lateral sclerosis patients (Haggiag et al.

2004). However, no therapeutic approach addressing sphingolipids in amyotrophic

lateral sclerosis is available for patients.

In contrast, therapeutic approaches focusing on sphingolipids have been

elaborated in preclinical studies of Parkinson’s disease (Orr et al. 2002). As in

most of the neurological diseases, the majority of sphingolipid research in this field

focuses on gangliosides, the most abundantly expressed sphingolipid in the nervous

system (Yu et al. 2009). For example, Parkinson’s disease patients with tremor

dominance showed increased circulating anti-GM1 antibodies (Zappia et al. 2002).

Mutant mice with a disrupted ganglioside gene expressed a greatly elevated amount

of aggregated α-synuclein in their substantia nigra, resulting in intensive disease

symptoms, while administration of a membrane-permeable GM1 derivative

attenuated the symptoms (Wu et al. 2011; Yu et al. 2012). A 5-year treatment of

Parkinson’s disease patients with GM1 resulted in reduced motor symptoms

(Schneider et al. 2010).

Extensive information is available for the role of sphingolipids in the closely

related neurodegenerative disease, Alzheimer’s disease, which is addressed in a

separate chapter.

For the most part, sphingolipid research in neuroinflammatory diseases is still in

its infancy. However, research in Multiple Sclerosis (MS), the prototype disease of

chronic neuroinflammation, is much more advanced and has been translated to

clinical practice. Specifically, the non-selective S1P receptor modulator FTY720

(Gilenya®) has already been approved as the first oral MS medication for 2 years

(Brinkmann et al. 2010). In two large multicentre trials (FREEDOMS; Kappos et al.

2010 and TRANSFORMS; Cohen et al. 2010), FTY720 was shown to reduce the

rate of relapse by 60 %. FTY720 was initially believed to target S1P receptors on

T cells, resulting in receptor internalisation and a redistribution of T cells to

secondary lymphoid organs with subsequent reduction of circulating auto-

aggressive lymphocytes (Cohen and Chun 2011). Different subtypes of S1P

receptors have been described to be upregulated in both MS and the animal
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model of MS, experimental autoimmune encephalomyelitis (Foster et al. 2009;

Van Doorn et al. 2010). Increasingly, information regarding direct CNS effects is

surfacing.

Experimental autoimmune encephalomyelitis was attenuated in CNS mutant

mice lacking S1P1 on astrocytes (Choi et al. 2011). Furthermore, FTY720 treat-

ment prior to TNFα stimulation of human MS lesion-derived astrocytes reduced

ceramide production, expression of aSMase mRNA and subsequent monocytic

transendothelial migration (Van Doorn et al. 2012). Oligodendrocyte injury is a

major hallmark of MS. There are also hints towards a detrimental role of astrocytic

ceramide in oligodendroglial death (Kim et al. 2012).

6 Conclusion and Perspective

In summary, this chapter illustrates the involvement of sphingolipids in neuro-

inflammatory disorders. While most experimental data are still far from being

translated to clinical practice, modulation of the S1P receptor in MS has already

become a major clinical application of sphingolipid research in the last few years.

However, it can be expected that future exploration of the role of sphingolipids in

other neuroinflammatory diseases will become of similar clinical relevance.
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Abstract Despite the high prevalence and devastating impact of psychiatric

disorders, little is known about their etiopathology. In this review, we provide an

overview on the participation of sphingolipids and enzymes responsible for their

metabolism in mechanisms underlying psychiatric disorders. We focus on the

pathway from sphingomyelin to proapoptotic ceramide and the subsequent metab-

olism of ceramide to sphingosine, which is in turn phosphorylated to yield anti-

apoptotic sphingosine-1-phosphate (S1P).

The sphingomyelinase/ceramide system has been linked to effects of reactive

oxygen species and proinflammatory cytokines in the central nervous system as

well as to synaptic transmission. Compared to ubiquitously expressed acid
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sphingomyelinase, acid and neutral ceramidase and neutral sphingomyelinase are

highly active in brain regions. Depressed patients show elevated plasma ceramide

levels and increased activities of acid sphingomyelinase which is functionally

inhibited by many anti-depressive drugs. Exposure to alcohol is associated with

an activation of acid and neutral sphingomyelinase observed in cell culture, mouse

models and in alcohol-dependent patients and with increased concentrations of

ceramide in various organs.

Levels of sphingomyelin and ceramide are altered in erythrocytes and post-

mortem brain tissues of schizophrenic patients in addition to changes in expression

patterns for serine palmitoyltransferase and acid ceramidase leading to impaired

myelination. After induction of anxiety-like behavior in animal models, higher

serum levels of S1P were reported to lead to neurodegeneration. Correspondingly,

S1P infusion appeared to increase anxiety-like behavior. Significantly upregulated

levels of the endogenous ceramide catabolite N,N-dimethylsphingosine were

observed in rat models of allodynia. Conversely, rats injected intrathecally with

N,N-dimethylsphingosine developed mechanical allodynia. Moreover, S1P has

been implicated in spinal nociceptive processing.

The increasing interest in lipidomics and improved analytical methods led to

growing insight into the connection between psychiatric and neurological disorders

and sphingolipid metabolism and may once provide new targets and strategies for

therapeutic intervention.

Keywords Ceramide • Pain syndromes • Psychiatric disorders • Sphingolipids •

Sphingomyelinase

1 Introduction

Psychiatric disorders are among the most prevalent human disorders and contribute

substantially to the burden of disease, particularly in high-income countries (Prince

et al. 2007). The leading contributors to this burden are unipolar and bipolar

affective disorder, substance-use and alcohol-use disorders, schizophrenia, and

dementia. Despite the devastating impact of psychiatric disorders, little is known

about their etiology and pathophysiology or their underlying molecular mechani-

sms. Generally, psychiatric disorders are believed to arise by a complex interplay

among biological, psychological, and social factors. Research during the past

100 years has revealed that genetic factors and pathological changes in neuro

transmitter metabolism play important roles, and these findings support the concept

that psychiatric disorders are at least in part of physical origin (Mann 1999; Tandon

and McGuffin 2002). Recent studies have identified other biological aspects of

psychiatric disorders, such as the activation of the hypothalamic–pituitary–adrenal

axis and the immune system and the deleterious effects of oxidative stress, cytokine

signaling, neuronal cell loss, and hippocampal atrophy (Müller and Ackenheil

1998; Ng et al. 2008; Sapolsky 2000).
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In this chapter, we explore the possibility that sphingolipids (SLs) play a central

role in the emergence of psychiatric disorders. The generation of excess bioactive

SLs in response to external stimuli may be a missing link between known etiologi-

cally factors and the pathophysiology that underlies some of the disorders. We first

describe the distribution of SL enzymes in the brain and give examples of how

SL metabolism can affect neuronal functioning. We then summarize the empirical

data associated with SL metabolism in psychiatric disorders unrelated to

neurodegeneration. The closing section presents an integrative view on the

mechanisms that may link SL abnormalities to psychiatric disorders.

2 SL Enzymes: Distribution and Involvement in Neuronal

Functions

Lipids, the group of molecular components with the second highest concentration in

the human brain (surpassed only by that of adipose tissue), provide the structures

and substrates necessary for neuronal excitability and for complex signal transduc-

tion processes at the plasma membranes. A network of specialized and

compartmentalized enzymes regulates the levels of biologically active lipids and

thereby couples various extra- and intracellular signals to SL-mediated responses.

The enzymes of SL metabolism play a crucial role in maintaining the balance

between proapoptotic ceramide and anti-apoptotic sphingosine-1-phosphate (S1P),

known as the “rheostat” (Hait et al. 2006; Spiegel et al. 1998). Moreover, the

conversion by these enzymes of membrane microdomains that have high

concentrations of SLs and cholesterol immersed in a phospholipid-rich environ-

ment to ceramide-enriched regions leads to the release of cholesterol and the

consequent alteration of plasma membrane fluidity. These changes allow the

selective recruitment of receptors or ion channels via lipid–protein or lipid–lipid

interactions or the exclusion of such proteins from these microdomains and are

therefore important for coordinating signal transduction, e.g., in stress responses

(Posse de Chaves and Sipione 2010; Zhang et al. 2009). The recently discovered

direct and highly specific interaction of exclusively one sphingomyelin species

(SM18) with the transmembrane domain of a protein expands the spectrum of SLs

to the function as potential cofactors to regulate transmembrane proteins (Contreras

et al. 2012). Ceramide can be formed de novo by successive reactions starting from

serine and palmitoyl-CoA involving serine palmitoyltransferase as the first enzyme

or from the hydrolysis of cerebrosides such as galactosylceramide. However, we

concentrate in this chapter mainly on the pathway from sphingomyelin (SM) to

ceramide and the subsequent metabolism of ceramide to sphingosine, which is in

turn phosphorylated to yield S1P (Ogretmen and Hannun 2004).

Several isoenzymatic forms with different pH optima are able to catalyze the

hydrolysis of SM to ceramide and phosphorylcholine, a reaction that is coupled to

the conversion of diacylglycerols to phosphatidylcholines. Acid sphingomyelinase
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(human: ASM, mouse: Asm; for easier reading both are abbreviated with ASM), a

chiefly lysosomal constituent, is widely distributed in mammalian tissues (Weinreb

et al. 1968) and can also be found as a Zn2+-dependent secretory isoform (Schissel

et al. 1998). Despite different cellular trafficking, both enzymes arise from the same

gene SMDP1. In contrast, Mg2+-stimulated neutral sphingomyelinase (NSM, later

specified as nSMase2) is localized more predominantly in cells of neural origin and

enriched in gray matter (Rao and Spence 1976). Early examination of the somatoto-

pographical distribution of ASM and NSM in human brains revealed a 30-fold

gradient of NSM activity from the globus pallidus over substantia nigra and

putamen to the thalamus and cortical structures and finally to white matter (Spence

et al. 1979). In contrast, ASM was found to be distributed ubiquitously in all rat

tissues analyzed (with highest activity in the liver) and expressed evenly in human

brain regions, differing at most by a factor of two (Spence et al. 1979). The

increasing activity of NSM during development in correlation with neuronal

maturation (Spence and Burgess 1978) further suggests a specific role of this

enzyme in the physiological functions of the brain.

A considerable heterogeneity in the molecular weight of membrane-bound

active NSM in the brains of healthy humans was suggested by the identification

of a 740-kDa variant in one individual compared with the mass of 160 kDa that was

previously determined using the radiation inactivation method (Levade et al. 1986).

By applying various combinations of extracting agents during the purification

process from bovine brain, multiple forms of NSM enzymes differing in their

chromatographic profiles and biochemical properties (e.g., pH dependence, Mg2+

requirements, and effects of detergents) have been characterized (Jung et al. 2000).

Following the identification of a ubiquitously expressed mammalian NSM

(nSMase1) with a remote similarity to the secreted bacterial enzymes (Tomiuk

et al. 1998), Hofmann et al. (2000) succeeded in cloning and analyzing a mamma-

lian brain-specific NSM (named nSMase2) with a different domain structure and

only marginal sequence similarity to other sphingomyelinases. In immunofluores-

cence, this isoform presented with a neuron-specific punctate perinuclear localiza-

tion. Based on sequence homology to a Mg2+-independent NSM purified from

bovine brain, a third mammalian NSM gene (designated nSMase3) with low

homology to nSMase 1 and 2 has been cloned and characterized (Krut et al.

2006). Its ubiquitously expressed mRNA is translated to an active tumor necrosis

factor (TNF)-responsive enzyme that modulates SL levels and is linked to the

cellular stress response (Corcoran et al. 2008; Krut et al. 2006).

As expected from its pH optimum, alkaline sphingomyelinase activity has

not been reported for brain tissues but has rather been found predominantly in

the digestive system of humans and animals, with considerable tissue variability

(Duan et al. 1996).

Analogously to sphingomyelinases, ceramidases differ in their pH optima for the

breakdown of ceramide to sphingosine and fatty acid, and multiple isoforms

encoded by corresponding genes have been identified. A lysosomal acid ceramidase

(AC) was first isolated from rat brain (Gatt 1963) and was later purified and cloned

from various species and tissues. AC also catalyzes the reverse reaction, i.e., free
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fatty acid-dependent ceramide synthesis (Okino et al. 2003). Ceramidase activity at

pH 9 was detected in human cerebellum, indicating the existence of an alkaline

isoform (Sugita et al. 1975).

The hydrolytic activity of rat tissue homogenates on N-oleoyl- and N-palmitoyl-

sphingosine at pH optima of 5 and 8 was described in detail by Spence et al. (1986).

Compared with NSM, this ceramidase activity was less tissue specific and higher at

pH 8, but activities in the brain stem, cerebrum, and cerebellum again exceeded

those in other organs such as liver, spleen, lung, and muscle (with the exception of

kidney). A distinct membrane-bound non-lysosomal ceramidase with a broad pH

optimum in the neutral to alkaline range, independent of cations, was later purified

from rat brain and shown to display specific kinetic characteristics (El Bawab et al.

1999). In addition to this neutral ceramidase (NC) that had a molecular weight of

90 kDa, Thayyullathil et al. (2011) purified and characterized a novel neutral

ceramidase from rat brain, termed RBCDase II, which had a larger apparent weight

of 110 kDa, unrelated to differences in the glycosylation pattern. This enzyme was

inhibited by nucleotides such as TMP and UMP and differed in its metal and

phospholipid dependence from the previously known isoform.

In agreement with these findings, we have observed comparable activities of

ASM in brain regions and peripheral organs in adult rats. In sharp contrast, the

activities of NSM in the hippocampus, striatum, and prefrontal cortex were more

than 20-fold higher than in the liver, spleen, and lung. Similarly, AC and NC

activities were approximately 15-fold and sixfold higher, respectively, in these

brain tissues than in the other organs (C. Mühle et al. unpublished).

The high concentration of lipids as components of lipid membranes emphasizes

their pivotal roles in neuronal function and signal transduction, particularly in the

case of ceramide and SM. These SLs and the enzymes that control their levels may be

involved in the etiopathogenesis of psychiatric disorders and represent targets for

therapeutic approaches. NSM, AC, and NC have appeared more attractive to

researchers as relevant enzymes initially because of their distinctive high activities

in brain regions. However, the more ubiquitously expressed ASM enzyme may prove

to participate significantly in physiological and pathophysiological mechanisms in

neuronal processes, as exemplified by the finding that microparticle shedding from

glial cells is associated with rapid activation of ASM (Bianco et al. 2009).

Several reports indicate that the effects of proinflammatory cytokines in the

central nervous system involve SLs, particularly the activation of the SMase/

ceramide pathway. Interleukin (IL)-1β inhibits the firing rate of anterior hypotha-

lamic neurons, and this inhibition involves the activation of NSM and concomi-

tant ceramide production (Davis et al. 2006). The treatment of primary

hippocampal neurons with TNF-α leads to increased surface localization of the

N-methyl-D-aspartate (NMDA) receptor subunit NR1 and to a specific clustering

of phosphorylated NR1 in membrane domains. Genetic and pharmacological

inhibition studies demonstrate that the TNF-α-induced changes involve the acti-

vation of nSMase2 and the rapid generation of ceramide (Wheeler et al. 2009).

The pivotal role of the SMase/ceramide system in synaptic transmission was

confirmed by the direct application of SMase or cell-permeable ceramide to
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hippocampal slices (Norman et al. 2010; Yang 2000). The effects of ceramide on

neuron excitability can be blocked by inhibitors of sphingosine kinase and are

mimicked by direct application of S1P, indicating that the further metabolization

of sphingomyelinase-generated ceramide plays a critical role (Norman et al.

2010). This is also implied by a screen for synaptic function in Drosophila,
which identified a mutant called slug-a-bed (slab). The slab gene encodes

ceramidase, and null slab mutants are characterized by presynaptic impairment,

impaired synaptic vesicle fusion, loss of readily releasable vesicles, and reduced

FM1-43 dye uptake in presynaptic terminals (Rohrbough et al. 2004). Sánchez

et al. (2001) demonstrated that neurotransmission itself can result in increased

ceramide production. In primary astrocytes, the activation of CB1 receptors by

the application of Δ9-tetrahydrocannabinol (THC) resulted in increased SM

hydrolysis, most likely through the action of NSM.

SLs are an integral component of plasma membranes, and their local composi-

tion can help to organize transmembrane proteins such as receptors and transporters

(Zhang et al. 2009). Several reports indicate that signal transduction via monoamine

transmitters is also affected by this mechanism. The maximal serotonin (5-hydroxy-

tryptamine, 5-HT) binding to HT7 receptors was decreased by the application of

fumonisin B1 (an inhibitor of de novo synthesis of ceramide) or of PDMP (an

inhibitor of glucosylceramide synthesis) without affecting the total level of the

receptor (Sjögren and Svenningsson 2007). The ligand-binding activity of 5-HT1A

receptor was altered by sphingomyelinase treatment (Jafurulla et al. 2008). The

genetic or pharmacological inhibition of NSM in PC12 cells resulted in decreased

dopamine uptake, whereas exposure to cell-permeable C6-ceramide increased

dopamine uptake in a concentration-dependent manner (Kim et al. 2010). Ceramide

was also shown to reversibly alter the function of the dopamine transporter in rat

striatal synaptosomes, resulting in decreased transport of dopamine and increased

transport of serotonin (Riddle et al. 2003).

Early signs for an association of SLs and psychiatric disorders arose from the

observation that patients with genetic disorders involving enzymes of sphingolipid

metabolism presented with psychiatric manifestations. In Tay-Sachs disease, a

neuronal storage disorder due to mutations in the gene for β-hexosaminidase A,

psychosis, mood disorders, and cognitive impairment were reported for more

than 20 % of adult-onset patients (MacQueen et al. 1998). Depression is also

common in Anderson-Fabry disease, an X-linked lysosomal storage disorder

with accumulating deposition of glycosphingolipids caused by a deficiency of the

enzyme alpha-galactosidase A. Among 184 responders to a questionnaire, severe

depression was prevalent in 36 % of male and 22 % of female patients in the United

Kingdom with a high proportion of previously undiagnosed cases (Cole et al. 2007).

Due to the association of SL with various complex psychiatric and neurological

diseases, their circulating levels could present important intermediate phenotypes

that point to variants within genes encoding enzymes involved in SL metabolism.

First results of a genome-wide association study in European populations identified

genetic determinants for the concentration of SM, ceramide, and other SLs

explaining up to 10 % of the genetic variation in each trait. Strongest associations
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were found in or near 7 genes functionally involved in ceramide biosynthesis or

trafficking including those for serine palmitoyl transferase and ceramide synthase

(Hicks et al. 2009). Polymorphisms in the gene encoding sphingomyelin synthase 1

have been associated with traits such as the heritability of coffee consumption

(Sulem et al. 2011) and the personality dimension openness (Terracciano et al.

2010). Further candidate loci including several mapping into SL pathways were

identified in a meta-analysis of five European family-based genome-wide associa-

tion studies on plasma levels of various SL species and their proportions and

underline the strong genetic control of key components of SL metabolism

(Demirkan et al. 2012). Testing for such polymorphisms associated with additional

risk or protective effects might help to illuminate the genetic basis for the develop-

ment of diseases.

Thus, although research in lipidomics has been lagging behind research in the

genomics and proteomics areas, increasing interest in and the development of

improved methods for lipid analysis have led to growing insight into the connection

between psychiatric disorders and mechanisms of lipid metabolism. The experi-

mental manipulation of these mechanisms may provide new targets and strategies

for therapeutic intervention in psychiatric disorders.

3 The Roles of SLs in Specific Psychiatric Disorders and Pain

Syndromes

3.1 Depression

Major depression is a severe, chronic, and often life-threatening illness with a

lifetime prevalence of more than 10 % (Belmaker and Agam 2008). Key symptoms

of depression include depressed mood and a loss of interest and pleasure; in

addition, concentration deficits and feelings of worthlessness, weight loss, and

insomnia may develop. Major depression may be triggered by psychological stress

and is associated with dysfunction of the hypothalamic–pituitary–adrenal axis

(Belmaker and Agam 2008). The disorder is also an important risk factor for the

development of cardiovascular disease (Musselman et al. 1998). Furthermore,

patients with major depression exhibit elevations in the serum levels of

proinflammatory cytokines (Howren et al. 2009).

Interestingly, antidepressive drugs such as desipramine and imipramine are proto-

typical functional inhibitors of ASM. The functional inhibition of ASM by these

drugs may be related to their antidepressive effect. Only a few functional inhibitors of

ASM have been known so far. We screened a large number of small molecules

licensed for medical use for their effect on ASM and thereby discovered many novel

functional inhibitors of ASM (Kornhuber et al. 2008, 2011). Several of these novel

inhibitors are antidepressant drugs. The molecular structures of these compounds are

very diverse and include mono-, di-, tri- and tetracyclic compounds. A virtual
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screening approach revealed that functional inhibitors of ASM are not evenly

distributed among the groups of drugs licensed for medical use; rather, they are

enriched in only a few groups of drugs, including the antidepressant drugs. There are

several antidepressant drugs that do not functionally inhibit ASM (Kornhuber et al.

2011). However, every tricyclic antidepressant drug investigated so far does inhibit

ASM activity. We constructed inhibition curves for some of these drugs and found

that the functional inhibition of ASM occurs within a concentration range that is

usually achieved in patients during antidepressive drug therapy (Kornhuber et al.

unpublished).

In a pilot study, we detected enhanced ASM activity in peripheral blood mono-

nuclear cells of depressed patients compared with controls and a correlation

between ASM activity and the degree of depression (Kornhuber et al. 2005). An

important question is whether or not this marker is also altered in the brain tissue of

depressed patients. Measurements of ASM activity in the central nervous system

and lungs following subchronic application of amitriptyline or following activation

of the ASM in the spleen and central nervous system 30 min after whole body

irradiation (12 Gy) revealed a correlation of ASM activity in the peripheral and

central nervous systems (Gulbins et al. unpublished). These findings support the

concept that ASM activity in the periphery can be used to determine the enzyme

activity in the brain. A clinical study in older people revealed that several plasma

ceramide species were increased in patients with a recent depression compared

to a group with no or past depression (Gracia-Garcia et al. 2011). Significant

associations of plasma phospho- and SL species with depression and anxiety

symptoms were found in a lipidomic study of 742 Dutch people. Absolute levels

of phosphatidylcholine O-36:4 and the ratio of SM species 23:1 and 16:0 were

related to depressive symptom scores (Demirkan et al. 2012). These reports provide

further evidence of an activation of the ASM/ceramide system in major depressive

disorders.

3.2 Schizophrenia

The first evidence for an altered SL composition in schizophrenia arose from the

postmortem biochemical analysis of brain lobes from patients with neurological

diseases, including one subject with schizophrenia (Cherayil 1969). This early

observation of reduced levels of cerebrosides and sulfatides was confirmed much

later in thalami of 18 patients with chronic schizophrenia (Schmitt et al. 2004).

Increased levels of phosphatidylserine in the left thalamic gray matter were

assumed to indicate cell death (Schmitt et al. 2004) because phosphatidylserine

acts as a potent activator of neutral sphingomyelinase (Sawai and Hannun 1999)

and exposure of phosphatidylserine at the cell’s surface has been reported to

stimulate phagocytosis of apoptotic cells (Chang et al. 2000). A reduction in the

concentration of phosphatidylcholine (Schmitt et al. 2004) has previously been
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observed in the caudate nucleus of schizophrenics (Yao et al. 2000) and detected by

in vivo phosphorus 31 magnetic resonance spectroscopy in other brain regions

(Fukuzako et al. 1999). Together with reduced levels of SM and galactocer-

ebrosides 1 and 2 (Schmitt et al. 2004), these data suggest disturbed lipid metabo-

lism and myelination in schizophrenia and support the membrane phospholipid

concept of schizophrenia (Horrobin 1998).

Several studies indicate altered patterns of gangliosides, SLs, and phospholipids

in erythrocyte membranes of schizophrenic patients. In acute schizophrenics with-

out neuroleptic treatment, the fractions of GM3 and GD3 gangliosides (the primary

glycolipids of neuronal membranes) were increased in comparison with normal

subjects (Haselhorst et al. 1988). The erythrocyte membranes of unmedicated

patients with schizophrenia or schizoaffective disorder contained significantly

higher levels of SM but lower levels of phosphatidylethanolamine (PE) and

phosphatidylinositol bisphosphate compared to those of normal subjects (Keshavan

et al. 1993). The reduced levels of phosphatidylcholine in erythrocyte ghost

membranes of lithium-responsive as well as nonresponsive schizophrenic-like

patients (Hitzemann et al. 1984) were shown to be associated with reduced phos-

pholipid methylation activity for the conversion of PE to phosphatidylcholine

(Hitzemann et al. 1985). Increased SM and decreased PE levels were also found

in 32 schizophrenic patients treated with haloperidol, particularly in those with

predominantly negative symptoms (Ponizovsky et al. 2001). Interestingly, the SM/

PE ratio was correlated inversely with positive symptom scale scores and was

correlated directly and more strongly with negative symptom scale scores.

Demisch et al. (1992) analyzed SM and various phospholipids in platelets from

medication-free patients with schizoaffective disorder and detected twice as much

phosphatidylinositol and increased levels of phosphatidylcholine compared with

controls. The largest reduction in esterification rates of arachidonic acid into

different phospholipids was found for patients with schizoaffective disorders,

followed by those with schizophreniform and major depressive disorders. In con-

trast, the rates were unchanged for patients with chronic schizophrenia (Demisch

et al. 1992).

Methodological advances in high-throughput profiling techniques based on

ultra-performance liquid chromatography-mass spectrometry allowed the compari-

son of postmortem lipid levels in the prefrontal cortex of subjects (15 each) with

schizophrenia, bipolar disorder, and no disorder (control) (Schwarz et al. 2008).

Significantly elevated ceramide levels were detected in white matter from the

patients with both of the neuropsychiatric disorders regardless of antipsychotic

treatment. In contrast to the similar pattern of alteration of free fatty acids observed

in both gray and white matter, phosphatidylcholines were significantly increased in

the gray matter but somewhat decreased in the white matter of schizophrenic

patients. Statistically significant alterations of free fatty acid and ceramide

concentrations were found in red blood cell samples from both drug-treated and

drug-naı̈ve, first-onset patients (Schwarz et al. 2008). Further differences in the
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periphery were observed for the skin lipid composition in first-episode antipsy-

chotic-naı̈ve schizophrenia patients. Compared to matched controls, the total cer-

amide fraction of the stratum corneum lipids was significantly reduced with inverse

alterations of several single ceramide classes (Smesny et al. 2012).

In addition to these biochemical findings, gene expression studies in mice and

humans provide evidence for the disruption of SL metabolism in schizophrenia.

Narayan et al. have analyzed prefrontal cortex tissues from schizophrenic patients

with short, intermediate, and long duration of disorder and matched controls on

a custom microarray for glycobiology-related genes (Narayan et al. 2009).

Widespread changes in expression patterns, particularly for genes related to

glycosphingolipid biosynthesis and SL metabolism, were identified primarily for

subjects within 5 years of the initial diagnosis. The validation of seven associated

genes (UGT8, SGPP1, GALC, B4GALT6, SPTLC2, ASAH1, and GAL3ST1) in

patients with early-stage illness by quantitative PCR demonstrated a reduction of

expression levels that was significant for all of the genes except ASAH1 (which

encodes AC). The decreased expression of UGT8 (which encodes an enzyme

responsible for converting ceramide to galactosylceramide) and of GAL3ST1
(which encodes an enzyme for further metabolization to sulfatides) may result

in an overall decrease in the levels of galactocerebroside and sulfatide, major

lipid components of the myelin sheath. The impaired myelination would in

turn lead to oligodendrocyte dysfunction and present as white matter deficits that

are characteristic of schizophrenic patients (Kubicki et al. 2005). Consistent

with this concept, Narayan et al. have also detected decreased expression of

myelin/oligodendrocyte-related genes by in situ hybridization in several white

matter regions of mouse brains following chronic treatment with haloperidol

(Narayan et al. 2007). In chronic schizophrenia cases, only SPTLC2 was differen-

tially expressed, indicating the occurrence of possible compensatory mechanisms in

disease progression (Narayan et al. 2009).

The AC encoding gene ASAH1 located in one of the most important regions with

strong evidence for linkage to schizophrenia (Lewis et al. 2003) was again

identified as a potential candidate in the Han Chinese population: expression in

peripheral leukocytes was down-regulated in microarray and quantitative PCR

analysis in chronic schizophrenia subjects with a positive family history. Moreover,

two single nucleotide polymorphisms within ASAH1 were significantly associated

with schizophrenia (Zhang et al. 2012).

Altogether, perturbations of SL levels including SM, PE, phosphatidylcholine,

and galactocerebrosides have been identified in erythrocyte membranes and post-

mortem brains of schizophrenics. Increased brain levels of proapoptotic ceramide

may contribute to the typical observation of reduced white matter. Recent gene

expression studies have found contrary patterns for genes involved in SL metabo-

lism depending on the duration of illness which point towards decreased

myelination for patients at early stages of the disease.
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3.3 Alcohol Dependence

The acute or chronic consumption of alcohol is associated with multiple and often

severe changes in lipid metabolism (Baraona and Lieber 1979; Reitz 1979). Several

research groups have shown that acute or chronic ethanol exposure increases the

ceramide levels in cultured cells of neuronal origin and in the livers of ethanol-fed

mice (Deaciuc et al. 2000; Liangpunsakul et al. 2010; Pascual et al. 2003; Saito

et al. 2005; Zhao et al. 2011). In most of these studies, a concomitant increase was

observed in the activity of ASM, NSM, or both enzymes (Deaciuc et al. 2000;

Liu et al. 2000; Pascual et al. 2003). Ethanol-induced cell death, activation of stress-

related kinases, or increased caspase-3 activity was mimicked by the administration

of C2-ceramide and prevented by treatment either with the functional ASM inhibi-

tor desipramine or with myriocin, an inhibitor of de novo ceramide synthesis

(Liu et al. 2000; Pascual et al. 2003; Saito et al. 2005).

The molecular consequences of ethanol-induced ceramide production and its

relevance for the occurrence of alcohol-related complications were further analyzed

in cultured cells and in experimental mouse models. The treatment of rat hepatoma

H4IIEC3 cells with ethanol increased the activity of ceramide-dependent protein

phosphatase 2A (PP2A) and inhibited the phosphorylation of AMP-activated pro-

tein kinase (AMPK) (Liangpunsakul et al. 2010). The pretreatment of cells with the

ASM inhibitor imipramine or fumonisin B, but not with myriocin or GW4869,

prevented the activation of PP2A and the inhibitory effect of ethanol on AMPK

phosphorylation (Liangpunsakul et al. 2010). In mice, imipramine treatment par-

tially prevented the ethanol-induced increase of ceramide and the activation of

PP2A during a 4-week period. Ethanol-fed mice developed sign of steatosis and

impaired glucose tolerance, but these symptoms were improved by co-treatment

with imipramine (Liangpunsakul et al. 2012). A critical role for ASM in the

development of hepatic failure was also demonstrated using ASM-deficient mice,

and the occurrence of alcohol-induced liver disease involves increased susceptibil-

ity of hepatocytes to TNF-α and reactive oxygen species that is supposed to be at

least in part mediated by ASM-induced ceramide production (Fernández et al.

2008; Marı́ et al. 2004). A similar sensitization mechanism is implicated in the

neurotoxic effect of ethanol (DeVito et al. 2000).

In alcohol-dependent patients, ASM activity is increased compared to healthy

controls. High levels of cellular ASM activity in peripheral blood cells was

associated with acute intoxication, whereas the activity of secreted ASM

(S-ASM) in blood plasma was more related to the chronic consumption of alcohol

(Reichel et al. 2010, 2011). S-ASM activity declined gradually in patients that

withdrew from alcohol, and it correlated with the levels of carbohydrate-deficient

transferrin (CDT). CDT is an established biomarker of chronic alcohol consump-

tion and in particular indicates high-risk drinking (Conigrave et al. 2002). In a pilot

study, the sensitivity of S-ASM as a marker of problematic drinking was similar to

CDT (Reichel et al. 2011). Further analyses revealed that the levels of S1P are also

increased in alcohol-dependent patients (Reichel et al. unpublished). The analysis
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of brain tissue from alcohol-dependent patients revealed a significant decrease of

long-chain fatty acids in the sphingomyelins in the gray matter of the cortex and a

significant or slight decrease of 18:0 SM in the white matter of the cortex, the

cerebellum, and the medulla oblongata (Lesch et al. 1973). A similar reduction was

observed for long-chain fatty acids of cerebrosides and phosphatidylethanolamines.

However, because most of the alcohol-dependent patients died as a result of

alcoholic cirrhosis, it is not clear whether the SL changes were directly related to

alcohol consumption or were secondary to the occurrence of liver failure. Another

comparative analysis of the lipid class composition in alcohol-dependent patients

vs. control subjects did not reveal significant differences (Olsson et al. 1996).

Taken together, these findings suggest that acute or chronic alcohol consumption

is a cellular stress factor that results in increased levels of ceramide in various

organs. Increased ceramide levels may in turn cause cell death in liver or brain but

may also facilitate more subtle cellular changes in neurons and astrocytes, leading

to symptoms of neuronal dysfunction. For example, a disturbance in SL metabolism

may contribute to the emergence of alcohol-related somatic and neuropsychiatric

disorders. Another important question is whether SL metabolism is involved in the

development of alcohol addiction per se. It was shown recently that the repeated

administration of morphine increased the activity of serine palmitoyltransferase,

ceramide synthase, and ASM, resulting in increased levels of ceramide. The

pharmacological inhibition of ceramide synthesis not only attenuated the occur-

rence of nitroxidative stress and neuroimmune activation but also inhibited the

development of morphine antinociceptive tolerance (Ndengele et al. 2009).

A similar mechanism may be involved in drug habituation and contribute to the

development of substance- and alcohol-use disorders.

3.4 Anxiety

Only a few studies have addressed the role of SLs in anxiety disorders, but none of

these investigations specifically addressed phobias. In a large lipidomic study in

Dutch families, relative SM 23:1 and phosphocholine O-36:4 plasma levels and

ratios of different phospho- and SL species were associated with anxiety symptoms

measured by the Hospital Anxiety Scale (Demirkan et al. 2012). Some animal

studies provided evidence for the lack of an association with SLs. For example, the

administration of ganglioside GM1 to male rats with electrolytic lesions of the left

entorhinal cortex resulted in a moderate improvement in the performance of

working memory in a Morris water maze task. However, no difference in anxiety

levels in a plus maze was observed between animals treated with saline vs.

ganglioside GM1 (Glasier et al. 1995).

In a mouse model, the precocious weaning of pups, which is known to increase

anxiety-related behavior, led to an altered accumulation of galactosylceramide as

part of myelinated fibers in the amygdala of 5-week-old male animals (Ono et al.

2008). In contrast, galactosylceramide was not increased in the prefrontal cortex or
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hippocampus of early-weaned males nor in any of the brain regions of early-weaned

females.

The induction of anxiety-like behavior in a chronic stress model involving the

immobilization of rats for 6 h daily for 3 weeks lead to increased serum levels of

S1P (which is thought to act as a stress signal molecule) and concomitant signs of

neuronal cell damage in the cortex and hippocampus (Jang et al. 2008). The

repeated restraint of rats for 7 days combined with the application of electric

shock resulted in similarly elevated levels of S1P, while base levels of sphingosine

remained unaltered (Jang et al. 2011). The microinfusion of S1P into the lateral

cerebroventricle for 7 days caused neurodegenerative changes with higher expres-

sion of NR1, as well as iNOS and glial fibrillary acidic protein (GFAP) (Jang et al.

2008), and a significant decrease in the expression of tyrosine hydroxylase (the rate-

limiting enzyme in catecholamine synthesis) in the amygdala but not in the cortex

(Jang et al. 2011). The S1P-infused animals spent less time in the open arms of an

elevated plus maze, indicating increased anxiety (Jang et al. 2011).

A single intraperitoneal injection of ganglioside GM1 had a dose-related protec-

tive effect against ethanol-induced sensorimotor deficit in mice. The regular admin-

istration of GM1 in combination with an ethanol-containing liquid diet alleviated

anxiety-like behavior in an elevated plus maze, which is associated with ethanol

withdrawal (Wallis et al. 1995). Gilmore et al. suggested that ethanol intoxication is

reduced by nonspecific stimulant properties of gangliosides or by their sialic acid

constituent (Gilmore et al. 1991). Pretreatment with either substance reduced

ethanol-induced deficits in locomotion, nose-poke exploration, and rearing and

crossings in dark–light preference tests. Twenty-two percent of the pretreated

animals displayed increased staircase climbing, indicating lower anxiety levels

(Gilmore et al. 1991).

In summary, induction of anxiety-like behavior in animal models has been

associated with increased S1P levels leading to neurodegeneration. Correspond-

ingly, S1P infusion appears to increase anxiety-like behavior, whereas application

of GM1 decreases anxiety levels.

3.5 Pain Syndromes

Indications of a possible association of pain with SL metabolism originated from

studies of the most common hereditary disorder of peripheral sensory neurons,

hereditary sensory neuropathy type I (HSN1). The gene SPTLC1, which encodes

serine palmitoyltransferase, has been mapped to the HSN1 locus on chromosome 9.

Missense mutations that have been identified in all affected members of 11 HSN1

families are predictive of increased enzymatic activity leading to increased de novo

glucosylceramide synthesis and eventually massive cell death during neural tube

closure (Dawkins et al. 2001). A possible alternative explanation is that the mutant

serine palmitoyltransferase shifts from its canonical substrate L-serine to L-alanine

resulting in the increased formation of neurotoxic deoxysphingolipids (dSL).
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Consistent with a modulatory effect of amino acids on the generation of dSL in cell

culture, transgenic mice expressing the mutant enzyme and fed a diet enriched

with L-serine improved in measures of motor and sensory performance, whereas

animals fed a diet enriched with L-alanine displayed severe peripheral neuropathy.

Similarly, oral L-serine supplementation reduced the production of dSL in patients

with HSN1 (Garofalo et al. 2011)

In an untargeted metabolomics study of the chemical basis of neuropathic pain,

tissues and plasma from rats subjected to tibial nerve transection (TNT), a well-

established model for inducing allodynia, were profiled by mass spectrometry (Patti

et al. 2012). The dysregulation of SM-ceramide metabolism was prominent in the

ipsilateral dorsal horn, including a more than threefold upregulation of ceramide

and phosphatidylcholine levels. A fourfold increase in the concentration of platelet-

activating factor, a metabolite reported to prevent SMase-evoked alterations in SM

and ceramide levels possibly via accelerating the SM cycle (Latorre et al. 1999),

was detected in the dorsal horn of treated rats. The observed upregulation of AC

expression in dorsal root ganglia following TNT supports the concept of cellular

membrane degradation and reorganization of central termination areas of primary

sensory neurons following peripheral nerve injury. Levels of sphingosine and N,N-
dimethylsphingosine (DMS), an endogenous catabolite of ceramide, were found to

be significantly upregulated more than twofold (Patti et al. 2012).

Endogenous DMS is known to increase intracellular Ca2+ concentrations in

astrocytes as well as to inhibit glutamate uptake (Lee et al. 2007). The latter, in

turn, results in excessive activation of NMDA receptors in spinal sensory synapses

and has been associated with neuropathic pain (Nie and Weng 2010). In agreement

with this proposed mechanism, rats injected intrathecally with DMS at physiological

concentrations developed mechanical allodynia in the hind paw that persisted for at

least 3 days (Patti et al. 2012). Stronger GFAP staining in the spinal cord of these

DMS-treated animals compared to controls indicated an increase in astrocyte activa-

tion which has been shown to modulate hypersensitivity via the release of

proinflammatory cytokines such as IL-1β (Watkins et al. 2001). Treatment of

cultured astrocytes with DMS also triggered the release of IL-1β (Patti et al. 2012)

that has been associated with chronic pain (Alexander et al. 2005; Wolf et al. 2006)

and of monocyte chemoattractant protein-1 (MCP-1) (Patti et al. 2012), a chemo-

kine that was reported to contribute to hyperalgesia and central sensitization

(Gao et al. 2009). These data imply a role for the endogenous ceramide catabolite

DMS in nociception via the production of inflammatory mediators.

Although DMS is also an inhibitor of sphingosine kinase and blocks S1P

production in cells (Edsall et al. 1998), the physiological concentrations of DMS

are substantially lower than the inhibition constant, and S1P levels did not differ in

TNT-treated vs. sham-operated rats (Patti et al. 2012). Thus, the alternative mecha-

nism of DMS-mediated neuron sensitization remains to be elucidated.

However, involvement of S1P was demonstrated by dose-dependently reduced

nociceptive behavior of rats in a formalin assay following intrathecal application of

the S1P receptor agonist FTY720 (Coste et al. 2008b). S1P has been implicated in

spinal nociceptive processing through the inhibition of the synthesis of a key
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messenger, neuronal cyclic AMP (Coste et al. 2008a). In acute and inflammatory

pain models, S1P concentrations were selectively and significantly reduced in the

cerebrospinal fluid of adult rats following injection of formalin or zymosan, respec-

tively. The pharmacological inhibition of sphingosine kinases that convert sphin-

gosine to S1P was found to decrease basal pain thresholds in a formalin assay in

mice. In contrast, the intrathecal application of S1P or dihydro-S1P reduced pain-

related nociceptive behavior by abolishing cAMP-dependent NMDA receptor

phosphorylation in the outer laminae of the dorsal horn (Coste et al. 2008a).

Acute and chronic severe pain can be effectively treated by opiates such as

morphine; however, the use of opiates is limited by the development of analgesic

tolerance. Salvemini’s group recently identified ceramide as a key signaling mole-

cule in the development of morphine antinociceptive tolerance in a mouse model.

Following chronic morphine administration, the enzymatic activities of serine

palmitoyltransferase, ceramide synthase, and ASM in the spinal cord were signifi-

cantly increased and led to ceramide accumulation, nitroxidative stress, and

neuroimmune activation (Ndengele et al. 2009). The upregulation of ceramide in

the dorsal horn in response to chronic morphine uptake in mice was associated

with significant neuronal apoptosis, whereas the inhibition of ceramide biosynthesis

by fumonisin B1 treatment reduced both apoptosis and the development of

antinociceptive tolerance as determined by the tail flick test (Bryant et al. 2009).

In a subsequent study using a rat model, repeated morphine administration caused

upregulation of ceramide in both spinal astrocytes and microglia (but not neurons)

and increased S1P levels. The coadministration of ceramide and S1P inhibitors

blocked the development of hyperalgesia and tolerance (Muscoli et al. 2010). On

the other hand, the intraplantar injection of ceramide in rats resulted in the devel-

opment of time-dependent thermal hyperalgesia related to an increase of TNF-α,
which is known to stimulate S1P production via activation of sphingosine kinase.

Further experiments using enzyme inhibitors or antibodies provide evidence for the

involvement of S1P and the S1P receptor 1 subtype as the downstream signaling

pathway in ceramide-induced hyperalgesia (Doyle et al. 2011).

Efforts to explain the pathomechanism underlying the aberrant pain and sensory

processing in fibromyalgia included a search for autoantibodies and led to the identifi-

cation of anti-serotonin as well as anti-ganglioside and anti-phospholipid antibodies

(reviewed in Dadabhoy et al. 2008). Klein et al. detected antibodies against

gangliosides in the sera of 74 % of patients with clinically well-defined fibromyalgia

syndrome (Klein et al. 1992). The same group confirmed the high incidence of a

defined autoantibody pattern in fibromyalgia in two cross-sectional studies (Klein et al.

1992; Klein and Berg 1995). The observation of such antibodies in patients’ family

members suggests a genetic predisposition to the disorder (Klein et al. 1992). However,

the applicability of these findings is not yet clear. Another group was unable to

reproduce the finding of increased levels of autoantibodies against ganglioside GM1,

although levels of anti-serotonin and anti-thromboplastin antibodies were higher in

fibromyalgia patients than in control subjects (Werle et al. 2001).

Although a number of studies have shed light upon various components of the

SL network and its enzymes with a focus on ceramide, S1P and DMS, and their
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various ways of action with respect to nociception, most reports are based on animal

models, and a whole clear picture required for the development of therapeutic

agents is still lacking.

4 Sphingomyelinase-Induced Ceramide Generation: A Core

Feature of Psychiatric Disorders?

Sphingomyelinase-induced ceramide generation may contribute to the emergence

of complex and multifactorial psychiatric disorders (Kornhuber et al. 2009; Gulbins

et al. unpublished). In this model, several stress-related factors including psycho-

active substances, inflammatory cytokines, reactive oxygen species, and infections

may induce activation of sphingomyelinases (Grassmé et al. 2003, 2005;

Haimovitz-Friedman et al. 1997; Hofmeister et al. 1997; Nalivaeva et al. 2000;

Reichel et al. 2010, 2011; Scheel-Toellner et al. 2004; Wong et al. 2000; Zhang

et al. 2008) and result in increased levels of ceramide in various brain areas. This

model may account (to varying degrees) for several psychiatric disorders besides

depression (Table 1). Alcohol dependence, with its high burden of inflammatory

cytokines and high levels of oxidative stress, may be a paradigm of an SMase-/

ceramide-related disorders with somatic and psychiatric manifestations (Crews

et al. 2006; Wu and Cederbaum 2009). Anxiety and schizophrenia have been

similarly linked to inflammatory cytokines and to oxidative stress that may result

in increased ceramide levels (Bitanihirwe and Woo 2011; de Miranda et al. 2011;

Potvin et al. 2008). The molecular mechanisms whereby increased levels of cer-

amide lead to cellular and neuronal malfunctions are not yet understood. These

mechanisms most likely involve profound changes in the biochemistry and bio-

physics of the plasma membrane, which could explain the spreading of a single

stress signal to a variety of downstream targets. Ceramide molecules undergo

spontaneous assembly into ceramide-enriched membrane domains that serve to

trap and cluster or to exclude receptors, associated signaling molecules and ion

channels (Zhang et al. 2009). Increased ceramide levels also affect the curvature of

the plasma membrane, thereby facilitating the budding and fusion of vesicles, e.g.,

in endocytotic and exocytotic processes or in microparticle shedding (Bianco et al.

2009; Holopainen et al. 2000; Perrotta et al. 2010; Rogasevskaia and Coorssen

2006; Zha et al. 1998).

The exact cellular and molecular consequences of the activated SMase/ceramide

pathway in psychiatric disorders still need to be defined. At the molecular level,

certain critical targets of ceramide-dependent signaling, such as PP2A and the Akt

serine/threonine kinase, have been identified (Mora et al. 2002; Qin et al. 2012;

Wolff et al. 1994). Pathological changes in Akt signal transduction were reported

for patients with familial schizophrenia (Emamian et al. 2004). Lithium, a pharma-

cological agent used for the treatment of several psychiatric disorders, regulates

Akt/glycogen synthase kinase 3 (GSK3) signaling (Beaulieu et al. 2008; Mora

et al. 2002). Another interesting target of ceramide in psychiatric disorders is
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postsynaptic density protein (PSD)-95. Decreased PSD-95 levels were reported for

patients with schizophrenia and bipolar disorder (Toro et al. 2005). The PSD-95

levels can be in turn upregulated by inhibition of nSMase2, most likely as a result of

decreased ceramide levels (Tabatadze et al. 2010). In addition, a similar approach to

inhibit ceramide increased AMPA receptor numbers, which may play a role in

depression (Alt et al. 2006).

The studies reviewed here indicate that the activation of SMase/ceramide

pathways is a common motif in psychiatric disorders and a missing link in our

understanding of how cellular stress is translated into behavioral changes. The

model presented in Fig. 1 provides a framework for the potential development of

new therapeutic agents.

Sphingo-
myelin

Ceramide Sphingosine S1P

ASM/NSM AC/NC SK

Psychoactive substances
Cytokine signaling
Oxidative stress

Bacterial infection

Pain perception

Schizophrenia 

Neuronal 
proliferation, 
maturation & 
functioning

JNK PP2A
Akt

GSK-3
AMPK

Depression

Anxiety

Cognition Drug tolerance

Fig. 1 A model of the activation of SMase/ceramide pathways as a molecular link in psychiatric

disorders. Stress factors (e.g., alcohol consumption or oxidative stress) known to be involved in the

emergence of psychiatric disorders activate the hydrolysis of SM and result in increased levels

of ceramide and its metabolites Sph and S1P. The increased ceramide levels in turn interfere

with the regulation of key molecules and lead to impaired neuronal plasticity and finally

to neuronal dysfunction. AC acid ceramidase, AMPK AMP-activated protein kinase, ASM acid

sphingomyelinase, GSK-3 glycogen synthase kinase 3, JNK c-Jun N-terminal kinase,

PP2A protein phosphatase 2A, NC neutral ceramidase, NSM neutral sphingomyelinase,

S1P sphingosine-1-phosphate, SK sphingosine kinase
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Abstract Studies performed in the last fifteen years have clearly established that

the bioactive sphingolipid sphingosine 1-phosphate (S1P) affects various different

biological properties of myogenic precursor cells as well as physiological features

of adult skeletal muscle. Noticeably, in myogenic precursor cells multiple growth

factors and cytokines cross-communicate with S1P axis and the engagement of

distinct S1P receptor subtypes appears to be crucially implicated in transmitting

specific biological effects. This paper summarizes current research findings and

discloses the potential for new therapeutics designed to alter S1P signaling with the

aim of improving skeletal muscle repair.
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Viale GB Morgagni 50, 50134 Firenze, Italy

e-mail: paola.bruni@unifi.it

E. Gulbins and I. Petrache (eds.), Sphingolipids in Disease,
Handbook of Experimental Pharmacology 216,

DOI 10.1007/978-3-7091-1511-4_23, # Springer-Verlag Wien 2013

457

mailto:paola.bruni@unifi.it


1 Skeletal Muscle Structure and Cell Biology

A little less than one-half of the body’s mass is composed of skeletal muscle, with

most muscles linked to bones by tendons through which the forces and movements

developed during contractions are transmitted to the skeleton. The smallest con-

tractile unit of skeletal muscle is the muscle fibre or myofibre, which is a long

cylindrical cell that contains many nuclei, mitochondria and sarcomeres. Contrac-

tion, defined as the activation of muscle fibres with a tendency of the fibres to

shorten, occurs when an increase in the cytosolic calcium concentration triggers a

series of molecular events that includes the binding of calcium to the muscle-

regulatory proteins, the interaction of myosin cross-bridges with actin filaments

and the production of the cross-bridge working stroke. Skeletal muscles vary

considerably in size, shape and arrangement of myofibres; moreover, they often

contain a mixture of three distinct types of myofibres, which differ by the myosin

isoforms expressed and the consequential contractile characteristics (Geeves and

Holmes 1999). Type 1 myofibres are slow twitch and fatigue resistant, type 2A

myofibres are fast twitch and moderately fatigue resistant and type 2B myofibres

are fast twitch and not fatigue resistant. The percentage of individual types of

myofibres within skeletal muscles is not fixed and can change throughout the life.

Skeletal muscles exert also additional physiological roles relevant for the

homeostasis of human beings. Indeed, since muscle contractions require energy

and whenever energy is used in the body, it is converted in part to heat, working

skeletal muscles maintain body temperature by releasing heat. Moreover, skeletal

muscle plays a key role in the overall regulation of whole body metabolism since

the fed state is one of the main target tissues of insulin action, largely accounting for

the hormone-dependent removal of excess glucose from the bloodstream after a

meal, whereas in the prolonged fasting state, tissue protein breakdown supports the

energy requirements of the body. Skeletal muscle is characterised by high degree of

plasticity. When a muscle remains in disuse for a long period, the rate of degrada-

tion of contractile proteins becomes greater than the rate of replacement, resulting

in muscle atrophy. This defect may occur as a result of lack of nutrition, loss of

nerve supply, microgravity, ageing, systemic disease, prolonged immobilisation

or disuse. Conversely, exercise and nutrition favour hypertrophy, in which the rate

of synthesis is much higher than the rate of degradation of contractile proteins,

leading to an increase in the size of muscle due to enlargement of existing cell

fibres. This unique property permits skeletal muscle adaptation to distinct metabolic

and physiological needs.

Injury to skeletal muscles may occur as a result of disease, such as dystrophy;

exposure to myotoxic agents, such as bupivacaine or lidocaine; sharp or blunt

trauma, such as punctures or contusions; ischemia, such as that which occurs with

transplantation; exposure to excessively hot or cold temperatures and most com-

monly the muscles’ own contractions. Regardless of the factors responsible, the

manner in which the injuries are manifested appears to be the same, varying only in

severity. In addition, the processes of fibre repair and regeneration appear to follow a
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common pathway regardless of the nature of the injurious event. Indeed, the process

of skeletal muscle repair relies almost exclusively on tissue-resident stem cells,

called satellite cells, which are normally quiescent but become activated upon

skeletal muscle injury, giving rise to proliferating myogenic precursor cells that

eventually differentiate and fuse to form multinucleated myofibres (Chargé and

Rudnicki 2003; Tedesco et al. 2010). Skeletal muscle repair involves a myriad of

signalling cues not fully defined at present, whose action must be precisely

orchestrated to ensure its successful accomplishment. Many pathological conditions

are consequent to alterations in skeletal muscle regeneration, including a number of

different degenerative diseases such as muscular dystrophies as well as sarcopenia,

characteristic of ageing, and cachexia; distinctive of sepsis and cancer (Karpati and

Molnar 2008). Detailed comprehension of the basic mechanisms of skeletal muscle

repair is necessary to pinpoint new molecular targets for interventions aimed at

improving the process beneficial for a number of different diseases.

2 S1P in the Regulation of Growth, Differentiation and Motility

of Skeletal Muscle Cells

As outlined above, regeneration of skeletal muscle is carried out by satellite cells.

Due to their limited availability and the restricted number of experimental

approaches to investigate their biological features in vivo, myoblastic cell lines,

such as C2C12 which is derived from murine muscle satellite cells, are widely

utilised to study in vitro skeletal muscle growth and differentiation. Upon mitogen

depletion, a large subpopulation of C2C12 cells undergoes terminal differentiation

forming myotubes; another small subpopulation called reserve cells remains undif-

ferentiated and shares many characteristics with muscle-resident stem cells, while a

third subset of cells undergoes apoptosis (Yoshida et al. 1998).

Since the role played by several species of sphingolipids in skeletal muscle cell

biology and physiology has been subject of a recent review (Bruni and Donati

2008), we will be mainly focus our attention onto S1P. Recent data support a key

role of sphingomyelin metabolism and S1P in the activation of satellite cells. By

employing lysenin, a protein that specifically binds to surface sphingomyelin,

Nagata et al. (2006a) showed that in C2C12 reserve cells, which model myogenic

cell quiescence (Yoshida et al. 1998) as well as in satellite cells, sphingomyelin

levels in the plasma membrane of noncycling myogenic cells are high but then fall

as they activate. A subsequent study from the same authors (Nagata et al. 2006b)

has demonstrated that a small pool of sphingomyelin at the inner leaflet of the

plasma membrane is implicated in the signalling of satellite cells, since

sphingomyelin levels are maintained when satellite cell activation occurs in the

presence of GW4869, inhibitor of neutral SMase. Since, in the same report, S1P

was found to mediate the entry of satellite cells into the cell cycle, the authors

concluded that the breakdown of the sphingomyelin pool at the inner leaflet of

plasma membrane occurring upon their activation is functional to S1P formation.
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The potential role of S1P was further demonstrated in the same study since the

endogenous metabolite dimethylsphingosine, utilised as SK inhibitor, severely

impaired the regeneration of cardiotoxin-treated skeletal muscle. The involvement

of SK/S1P axis in this crucial biological process requires, however, further study

given that dimethylsphingosine is rather unspecific, i.e., it has been recently shown

to be responsible for suppression of osteoclastogenesis by a mechanism indepen-

dent from SK inhibition (Kim et al. 2007).

Pilot studies on the responsiveness of C2C12 myoblasts to challenge with S1P

showed that this bioactive lipid triggers numerous signalling pathways by activating

phospholipase D (Meacci et al. 1999) and monomeric GTPase RhoA (Meacci et al.

2000) and increasing cytosolic calcium (Meacci et al. 2002). Since S1P action

primarily depends on receptor ligation, the expression pattern of S1P receptors was

also examined: S1P1, S1P2 and S1P3 were found expressed in C2C12 myoblasts

(Meacci et al. 1999). Intriguingly, the expression of S1P2, which is upstream of

phospholipase D activation, was found to be highly diminished throughout myoblast

differentiation and substantially abolished in myotubes, suggesting a role for S1P

signalling via S1P2 in the molecular events required to accomplish cell differentiation

(Meacci et al. 2003). Actually, subsequent studies identified S1P as negative regula-

tor of serum-induced cell proliferation and powerful activator of myogenic differen-

tiation of C2C12 cells (Donati et al. 2005). Notably, only S1P2 was identified as

mediator of S1P biological action (Fig. 1). The key role of S1P2 in myogenic

differentiation was further strengthened by the observation that ectopic expression

of this protein accelerated the onset of differentiated phenotype (Donati et al. 2005)

and by a subsequent report showing that a synthetic derivative of ceramide named

K6PC-5, reported to activate sphingosine kinase (SK)-1 in keratinocytes (Kwon et al.

2007), promoted myogenic differentiation of C2C12 myoblasts in a S1P2-dependent

manner (Bernacchioni et al. 2011). Interestingly, the S1P-induced regulation of the

gap junctional protein connexin-43 has been identified as downstream event

implicated in the promyogenic effect of the sphingolipid (Squecco et al. 2006).

myogenic
commitment

myogenic
differentiation

Myoblasts                    Myotubes

SK/S1P2

proliferation     migration

S1P2/S1P3 S1P1/S1P4

Satellite cells

Fig. 1 Role of SK/S1P axis and S1P receptors in the activation of satellite cells and myogenic

differentiation
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Actin remodelling and stress fibre formation in response to S1P generate a mechani-

cal tension to the plasma membrane of C2C12 cells, activate stretch-activated

channels, and trigger calcium-dependent signals, thus influencing the phenotypic

maturation of myoblasts (Formigli et al. 2007). Likewise, in the same cell line, it has

been reported that transient receptor potential canonical 1 channel (TRPC1), down-

stream to S1P challenge, upregulates the Ca2+-sensitive protease and m-calpain, then
affecting the regulation of classical PKCs and myoblast fusion (Meacci et al. 2010).

Experimental evidence has also been recently provided for a physiological role

of SK1, one of the two isoforms of S1P-synthesising enzymes, in the regulation of

myoblast proliferation and differentiation. SK1 protein content and S1P formation

were found to be enhanced in myoblasts that became confluent as well as in

differentiating cells (Meacci et al. 2008). Moreover, enforced expression of SK1

reduced the myoblast proliferation rate, enhanced the expression of myogenic

differentiation markers and anticipated the onset of differentiated muscle pheno-

type. Conversely, downregulation of SK1 by specific silencing or overexpression of

the catalytically inactive SK1 significantly increased cell growth and delayed the

beginning of myogenesis. The biological role exerted by SK1 in myoblasts appears

therefore distinct from that reported in the majority of other cells, where it plays a

pivotal role of in the promotion of cell proliferation (Taha et al. 2006). Furthermore,

stimulation of myogenesis in SphK1-overexpressing myoblasts was abrogated

when S1P2 was silenced (Meacci et al. 2008), reinforcing the notion that this

receptor type is critical for eliciting S1P-mediated effects in these cells.

Upon serious skeletal muscle injury, satellite cells from neighbouring intact

muscles must be highly motile in order to be recruited to the site of muscle lesion;

however, subsequently their cell motility must be negatively regulated in order to

establish the proper stable cell–cell contacts and fuse with pre-existing fibres.

Interestingly, a recent study reported that along with a promyogenic effect, S1P

exerts also an anti-migratory action on C2C12 myoblasts (Becciolini et al. 2006).

The lipid mediator reduces the directional cell motility and fully abrogates the

chemotactic response to insulin-like growth factor-1. Given the major role of

inducer of satellite cell motility exerted by insulin-like growth factor-1 (Suzuki

et al. 2000), the finding that S1P is capable of fully counteracting its action may

have important implications in the in vivo regulation of exact satellite cell position-

ing to cause efficient cell fusion. The anti-migratory response to S1P requires

ligation to S1P2, and the subsequent activation of RhoA (Becciolini et al. 2006),

similarly to what is observed in other cell systems, such as glioblastoma tumour

cells (Lepley et al. 2005). Intriguingly, it has been recently observed that prostacy-

clin shares with S1P the unique property of inhibiting the migration of myoblasts

(Bondesen et al. 2007).

In murine primary satellite cells isolated from tibialis anterior single muscle

fibres, S1P has been very recently demonstrated to positively stimulate proliferation

in a phosphatidylinositol 3-kinase-dependent manner as well as migration. By

employing selective S1P receptor agonists and antagonists and silencing individual

S1P receptors, the mitogenic action of S1P in satellite cells was shown to depend on

S1P2 and S1P3, while S1P1 and, for the first time, S1P4, detected in these cells, were
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demonstrated to have a role in mediating the S1P migratory effect (Fig. 1). On the

contrary, S1P2 was found to negatively regulate cell migration (Calise et al. 2012;

Donati et al. 2013). These results provide increased understanding of the multifac-

eted roles of S1P in regulating cell fate in normal development, defining specific

biological actions exerted by this sphingolipid in skeletal muscle-resident stem

cells. The apparent contradictory result of S1P being mitogenic in primary satellite

cells and promyogenic in myoblasts could be reconciled by considering that the

final biological action of the sphingolipid is strictly dependent on its specific

receptor pattern expressed in a given cell type and in view of the multiplicity of

signals conveyed by S1PRs that can give raise to distinct and even contrasting

cellular effects. Thus, it becomes particularly critical to understand the extracellular

cues responsible for the transcriptional regulation of S1PR expression in stem and

progenitor cells and the consequent modification of the expression pattern that

could act as decisive time switch to accomplish tissue repair.

3 S1P in the Regulation of the Biology and Physiology

of Skeletal Muscle

Recently a role of S1P in skeletal muscle fibre regeneration of rat and mouse models

has been demonstrated after myotoxic injury induced by bupivacaine. The exoge-

nous addition of S1P resulted in a significant trophic effect in regenerating fibres,

whereas reduction of the circulating lipid produced the opposite effect. The use of

selective pharmacological S1PR antagonists demonstrated their variant roles during

regeneration (Danieli-Betto et al. 2010). Likewise, Sassoli et al. (2011) further

showed a role of S1P in skeletal muscle repair/regeneration since exogenous S1P

attenuated the excitation–contraction-induced injury of extensor digitorum longus,

protecting fibres from apoptosis, preserving satellite cell viability and affecting

extracellular matrix remodelling. Moreover, it has been demonstrated that exoge-

nous application of S1P counteracts the reduction of muscle mass caused by

denervation, whereas neutralisation of the extracellular lipid with a specific anti-

S1P antibody accelerates the atrophy caused by denervation (Zanin et al. 2008). The

trophic effect of S1P was found to imply the regulation of myosin heavy chain

isoform expression, resulting in the attenuation of the slow-to-fast transformation

due to inactivity. Further experimental evidence in favour of a positive role of SK/

S1P pathway in skeletal muscle plasticity comes from a report where global gene

expression in skeletal muscle of young men following short-term creatine

monohydrate supplementation has been examined. SK1 was identified among the

most significantly upregulated genes (Safdar et al. 2008), suggesting that enhanced

S1P formation is implicated in the increase of fat-free mass and muscle fibre size

which accounts for the beneficial effect of creatine monohydrate on muscle

(Vandenberghe et al. 1997; Volek et al. 1999).

Muscles that are intensively used show a progressive decline of performance

which largely recovers after a period of rest named muscle fatigue. Multiple factors
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are involved in the onset of fatiguewith the relative importance of each dependent on

the fibre-type composition and the intensity, type, and duration of the contractile

activity. Noticeably, sphingosine and S1P, recognised as modulators of excitation–

contraction coupling (Bencini et al. 2003), were found capable of significantly

reducing the tension decline during fatigue of extensor digitorum longus muscle

(Danieli-Betto et al. 2005). Interestingly, the slowing of fatigue induced by sphin-

gosine was fully prevented in the presence of dimethylsphingosine, suggesting that

its mechanism of action implicates its transformation into S1P. Moreover, the

beneficial effect of S1P on fatigue development was still detectable in Ca2+-free

solutions, whereas sphingosine was inefficacious unless extracellular Ca2+ was

available, further supporting the view that sphingosine requires to be phosphorylated

by calcium-dependent SK in order to attenuate the development of fatigue.

4 Regulation of SK/S1P Axis by Growth Factors, Cytokines

and Hormones in Myoblasts

Interestingly, SK/S1P axis in myoblasts appears to be under the control of multiple

extracellular cues that exploit this signalling pathway to elicit specific biological

responses. In this regard, the first experimental evidence was obtained by examin-

ing the mechanism by which the cytokine tumour necrosis factor alpha (TNFα) at
low concentration is capable of promoting myogenic differentiation. Indeed, trans-

location of SK1 isoform to membrane and consequent activation of the enzyme

followed by engagement of S1P2 receptor were identified as necessary for the onset

of the pro-differentiating effect exerted by TNFα (Donati et al. 2007), further

supporting the physiological relevance of the promyogenic effect exerted by the

SK/S1P2 signalling pathway (Meacci et al. 2008). Moreover, platelet-derived

growth factor (PDGF), which is critically implicated in skeletal muscle repair,

cross-communicates with S1P axis in a pathway involving SK1 and S1P1, with

important implications in the regulation of cell proliferation as well as cell motility.

S1P1 engagement elicited by PDGF via enhancement of SK1 activity attenuates the

PDGF-induced cell proliferation since specific gene silencing of SK1 or S1P1
enhances the mitogenic action of the growth factor (Nincheri et al. 2010). Intrigu-

ingly, engagement of S1P1 by PDGF also modulates the chemotactic effect exerted

by PDGF, significantly increasing the motility of myoblasts in response to the

growth factor challenge. Thus, the concomitant reduction of cell proliferation and

increase of cell motility mediated by the SK1/S1P1 axis support the occurrence of a

dual role of this signalling pathway, likely crucial for the efficient recruitment of

myoblasts during muscle repair that requires a temporal shift between proliferation

and migration. It is interesting to note that although endogenous S1P production

and S1P1 engagement play a significant role in the PDGF signalling, biological

response elicited by exogenous S1P appears to be unaffected by S1P1 ablation

(Rapizzi et al. 2008), and interestingly, exogenous S1P gives rise to a final outcome

distinct from that mediated by S1P endogenously formed in response to PDGF
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given that it acts as an anti-migratory rather than as a motogenic cue (Becciolini

et al. 2006). These observations support the notion that spatial regulation of S1P

biosynthesis within the cell, together with tight control of its release in the extra-

cellular environment via ABC transporters or its partition into plasma membrane

microdomains, is critical for determining the final biological effect and adds a

further layer of complexity to the mechanisms by which this bioactive lipid exerts

pleiotropic effects in a given cell type.

Even if the process of skeletal muscle repair is highly regulated, unfortunately, it

is not always successful. Indeed, many skeletal muscle diseases are characterised

by the onset of fibrosis, a degenerative process that causes replacement of the

damaged tissue with extracellular matrix proteins and consequent impairment of

the contractile properties of skeletal muscle (Mann et al. 2011). Fibrosis is strongly

dependent onto the phenotypic appearance of a new type of cells named

myofibroblasts, mainly resulting from transdifferentiation of myoblasts. Strikingly,

S1P signalling pathway, which is critically implicated in the transmission of

biological responses elicited by growth factors and cytokines with the final goal

of favouring successful skeletal muscle regeneration, has been recently identified as

key player in the transdifferentiation of myoblasts into myofibroblasts brought

about by transforming growth factor beta (TGFβ) and, ultimately, in the appearance

of fibrosis. Importantly, treatment with the cytokine upregulates SK1 in C2C12

myoblasts in a Smad-dependent manner and concomitantly modifies the expression

of S1P receptors, making S1P3 the dominant S1P receptor subtype (Cencetti et al.

2010). This combined action is responsible for redirecting the signalling of endog-

enous as well as exogenous S1P from an S1P2-mediated promyogenic action

towards a pro-fibrotic effect transmitted by S1P3.

Lastly, it is important to recall that skeletal muscle not only is indispensable for

powering the movement of the skeleton but it also plays a key role in the regulation

of whole body metabolism. The metabolic requirements of skeletal muscle are

highly variable, strictly depending on its working conditions. Moreover, skeletal

muscle metabolism is also under hormonal control, being insulin action critical for

switching from fatty acid to glucose oxidation. Indeed, after insulin stimulation,

skeletal muscle accounts for almost three quarters of glucose utilisation in the body,

and, as consequence, reduced insulin-responsive glucose disposal in skeletal mus-

cle is a characteristic feature of metabolic syndrome. Importantly, S1P signalling

pathway has been recognised to be crucially involved in the regulation of glucose

metabolism in skeletal muscle. Basal and insulin-stimulated glucose uptake in

cultured myoblasts is significantly reduced in cells where SK is pharmacologically

inhibited or SK1 specifically silenced; in keeping with these results, ectopic expres-

sion of SK1 or exogenous S1P enhance basal and insulin-stimulated glucose uptake

(Ma et al. 2007). A more recent study has provided the mechanistic explanation of

the insulin-mimetic action of SK1 overexpression on glucose uptake, showing that

in mouse myoblasts, S1P, acting via S1P2 receptor, transactivates insulin receptor

in a ligand-independent manner, via a novel molecular mechanism involving the

enhancement of reactive oxygen species and the inhibition of protein tyrosine

phoshatase-1B (Rapizzi et al. 2009). This finding suggests that improvement of
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S1P signalling via S1P2 could be beneficial for glucose disposal by skeletal muscle

and stimulates further investigation to understand whether pathophysiology of

insulin resistance and diabetes involves altered S1P production.

On the whole, the here summarised experimental data support a crucial role of

SK/S1P axis in skeletal muscle cell biology opening new perspectives for pharma-

cological interventions aimed at improving skeletal muscle regeneration and

attenuating the degenerative processes that characterise chronic myopathies by

targeting S1P signalling towards improving the regenerative potential of satellite

cells and/or interfering with the progression of skeletal muscle fibrosis.
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