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PREFACE

The lipids that comprise membranes of cells, be they phospholipids, sphingolipids,
glycolipids or even cholesterol, serve many functions beyond their role in the
structural organization of the membranes. In response to stimulation by various
agonists, and environmental insults such as oxidative stress, several different
membrane lipids are cleaved either enzymatically or non-enzymatically. Products are
thereby released that act as important signals mediating physiological responses to
the stimuli. Among the most intensively studied signaling pathways is the inositol
phospholipid signaling, which leads to the production of IP3 and diacylglycerol with
consequent calcium release and protein kinase activation. Another example of a
prominent signaling pathway involves sphingomyelin hydrolysis resulting in the
production of ceramide, which acts as an important signal in both physiological and
pathophysiological settings. Recently there have been a flurry of studies char-
acterizing so called lipid rafts, which are complex microdomains in membranes
in which sphingolipids and cholesterol are concentrated, together with various
receptors and transducing proteins for an array of growth factor, cytokine and
neurotransmitter signals. In this issue of Advances in Cell Aging and Gerontology
entitled Membrane Lipid Signaling in Aging and Age-Related Disease experts in the
fields of lipid signaling and aging provide timely reviews of specific aspects of
membrane lipid signaling from the perspectives of aging and diseases of aging
including cardiovascular disease, cancers and neurodegenerative disorders. It is
becoming quite clear that alterations in sphingolipid, inositol phospholipid and
cholesterol metabolism occur in a variety of tissues throughout the body during
aging, and that specific abnormalities in these signaling pathways play roles in many
different age-related diseases.

The book begins with a chapter by Chris Fielding which provides an overview
of signaling in the microdomains called lipid rafts and caveolae. The localization
of these membrane microdomains in strategic positions within cells provides
spatial control over signaling. This spatial control is particularly critical in
structurally complex cells such as neurons. Kathleen Montine and colleagues then
provide a review of how oxidative stress effects membranes and how the
generation of lipid peroxidation products plays a role in aging and diseases of
aging. Oxidative stress is considered an important factor in aging and membrane
lipid peroxidation has been implicated in a variety of disorders including
atherosclerosis, cancers and Alzheimer’s disease. Studies of invertebrate systems
where genetic manipulations can be readily performed to identify genes of interest
have made major contributions to our understanding of the genes that control
lifespan. Cathy Wolkow reviews studies that have identified lipid related signaling
pathways that appear to play a major role in controlling lifespan. In particular,
inositol phosphate signaling pathways activated by insulin and insulin-related
signals appears to play an important role in coupling environmental stress signals
to energy metabolism and thereby may regulate cellular aging rate.

vii
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Cancers continue to be a major killer in the United States and other
industrialized countries. Ruvolo et al. review the evidence that altered sphingolipid
metabolism and ceramide production play a role in the pathogenesis of cancers by
altering cell cycle and cell death pathways. Altered sphingolipid metabolism also
plays a role in the pathogenesis of cardiovascular disease. Atherosclerosis is a
complex process involving damage to vascular endothelial cells and inflammatory
processes. Sphingolipid signaling appears to play important roles in several
different steps in the process of atherosclerosis, and studies of sphingolipid
signaling in atherosclerosis are revealing novel targets for therapeutic intervention.
In the nervous system sphingomyelin signaling plays important roles in regulating
development and plasticity of neuronal circuits. Mattson and Cutler describe the
roles of sphingomyelin and ceramide signaling in brain aging and the pathogenesis
of neurodegenerative disorders such as Alzheimer’s disease and amyotrophic
lateral sclerosis. It appears that increased oxidative stress in these disorders leads
to excess production of ceramides and cholesterol esters which can trigger the
degeneration and death of neurons.

Arachidonic acid is a product of phospholipase A, activation that plays
important roles in inflammatory responses and also has a broad array of functions
in cells in many different organ systems including the nervous system. Hari Manev
and Tolga Uz describe eicosanoid pathway changes during aging of the nervous
system with a focus on the regulation of cyclooxygenases and lipoxygenases. It
appears that inflammation-like processes occur during brain aging and in
neurodegenerative disorders, and a better understanding of arachidonic acid
metabolism is therefore likely to lead to new approaches for preventing and
treating neurodegenerative disorders as well as other diseases. Alterations in
cholesterol metabolism are well known to play important roles in the pathogenesis
of cardiovascular disease. However, recent findings have demonstrated important
roles of cholesterol metabolism in modulating various signal transduction path-
ways and suggest that perturbed cholesterol metabolism plays roles in many
different age-related diseases. John Incardona describes how studies of inherited
disorders of cholesterol and sphingolipid metabolism have provided insight into
the functions of lipid signaling in human disease. He describes Niemann—Pick C
disease and Smith—-Lemli—Opitz syndrome as two examples that have increased
our understanding of the various roles of membrane cholesterol and lipid rafts in
cellular biology and disease. Suzana Petanceska et al. review the emerging
evidence that alterations in cholesterol metabolism play a role in the pathogenesis
of Alzheimer’s disease. Interesting relationships between cholesterol metabolism
and the production of amyloid beta peptide, the main component of plaques in
the brains of Alzheimer’s disease patients, have emerged from epidemiological and
experimental studies in animal models of Alzheimer’s disease.

Eva Hurt-Camejo and colleagues describe reactions of phosholipases A, in
cellular and metabolism with a focus on a role of these enzymes in the
pathogenesis of cardiovascular disease. These enzymes exist both within cells and
outside cells and have actions in both locations that may contribute to alterations
in lipoprotein and lipid metabolism and the activation of inflammatory pathways
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in the process of atherosclerosis. Finally, Nicolas Bazan provides a concise review
of the role of docosahexaenoic acid in aging and age-related disease with a specific
focus on glaucoma, a major cause of blindness in elderly individuals. The
production and metabolism of docosahexaenoic acid display unique features. Of
particular interest is the enrichment of docosahexaenoic acid in excitable
membranes of the retina and brain. Several messengers are derived from
docosahexaenoic acid including neuroprostanes and hepoxillins; these lipid
mediators may have important roles in aging and age-related disease.

Collectively the information contained in the chapters of this volume of
Advances in Cell Aging and Gerontology provide the reader with a clear picture of
the very important roles of membrane lipid signaling in the regulation of various
physiological processes throughout the body. It is quite clear that alterations in
several lipid-signaling pathways occur during aging and in age-related diseases. At
least in some cases these alterations may be early and pivotal events in disease
processes as suggested by recent studies documenting beneficial effects of
interventions that target lipid signaling. We expect that this book will be a
valuable resource for investigators in fields of aging and age-related disease and
that the information contained within these pages will foster new experiments
aimed at unraveling the roles of lipid signaling in cellular physiology and disease.

MARK P. MATTSON, PhD
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Overview: Spatial control of signal
transduction by caveolae and lipid rafts

Christopher J. Fielding

Cardiovascular Research Institute and Department of Physiology,
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1. Introduction

The cell surface is heterogenous, consisting of microdomains with varying lipid
and protein composition. Well-recognized microdomains include coated pits (sites
of the internalization of many macromolecules) and the microvilli that identify the
absorptive surface of many epithelial cells. An additional class (DRMs: detergent-
resistant microdomains) has been distinguished by its insolubility in neutral
detergents. This fraction is rich in free cholesterol (FC) and sphingolipids,
signaling proteins, GPI-anchored proteins and FC-binding caveolin proteins. More
recent research has shown that this fraction represents a mixture of two distinct
species of microdomains, lipid rafts and caveolae (Fielding and Fielding, 2002).

Lipid rafts are planar microdomains, typically 50-350nM in diameter, rich in
GPIl-anchored proteins but deficient in caveolins, the structural proteins of
caveolae. Caveolae are invaginated domains, whose openings at the cell surface
are typically 60—120nm in diameter. These microdomains, rich in caveolin, are
deficient in GPI-anchored proteins (Iwabuchi et al., 1998; Abrami et al., 2001;
Sowa et al., 2001).

Caveolae and lipid rafts probably coexist in most cells, though the relative
number of each varies widely in different cells. Caveolae are enriched in terminally

Advances in Cell Aging and Gerontology, vol. 12, 1-10
© 2003 Elsevier Science B.V. All Rights Reserved.



2 C. J. Fielding

differentiated cells such as adipocytes, vascular smooth muscle and endothelial
cells. Their numbers are very low in blood leucocytes, which are rich in lipid rafts.
As a result, leucocytes have been used for much of the published characterization
of lipid rafts (Matko et al., 2002). Under basal conditions some cancer and
transformed cell lines lack caveolae and caveolin entirely (Koleske et al., 1995;
Lee et al., 1998). However, even these cells may express large numbers of caveolae
under some experimental conditions. For example, human MCF-7 cancer cells
express caveolin and caveolae concomitant with the upregulation of the p-glyco-
protein transporter following incubation with adriamycin (Lavie et al., 1998).

The expression of caveolin is necessary but not sufficient for the development
of morphological caveolae. In addition to caveolae, caveolin is also present in
several intracellular pools, including the trans-Golgi network, a chaperone complex
carrying newly synthesized FC, and recycling endosomes (Fielding and Fielding,
1996; Uittenbogaard et al., 1998; Gagescu et al., 2000). While the presence of
caveolin in cell and cell membrane fractions does not necessarily imply the
presence of cell surface caveolae, in most primary cells the plasma membrane
contains the bulk of caveolin. In transformed cells, what caveolin is present may
be largely in the form of intracellular vesicles (Sowa et al., 2001).

Caveolin binds FC via a central domain which also interacts with a “scaffold”
sequence present on many transmembrane signal kinases, as well as a number of
signal intermediate proteins, such as ras, and protein kinases A and C (Smart
et al., 1999). Protein—protein association is in many cases dependent on or
facilitated by post-translational lipid modifications (N-palmitoylation, N-myristoyl-
ation) (Sowa et al., 1999). As discussed more fully below, transport of caveolin to
the cell surface and caveolar assembly may depend on these modifications.

Signaling proteins and GPI-anchored proteins bound to lipid rafts usually lack
a recognizable scaffold-binding site. Their association with rafts depends both on
N-acylation and on the presence of amino acid sequences recognize lipids (Fielding
and Fielding, 2002). FC levels in lipid rafts are reported to be lower than those in
caveolae (Iwabuchi et al., 1998). Ganglioside GM1, once considered a marker for
caveolae, is present in both caveolae and lipid rafts. The same distribution may
hold for other lipids involved in signal transduction, such as ceramide,
phosphatidic acid and diglyceride. Enzymes which generate these lipids, including
sphingomyelinase and phospholipase, are present in caveolae and lipid rafts. This
suggests that lipid signals may be generated in caveolae. Lipid signals may in
some cases extend the effect of protein-mediated signal transduction (Igarashi
et al., 1999).

There is considerable difference in the lifetime of lipid rafts and caveolae at the
cell surface. Lipid rafts are labile, with a measured half-life of only a few minutes,
similar to the time required for signal transduction (Sheets et al., 1997; Pralle
et al., 2000). They may be stabilized by the presence of FC, GPI-anchored and
other proteins. In contrast, caveolae (with the possible exception of those in
endothelial cells) remain at the cell surface over periods of many hours (Thomsen
et al., 2002). However, while caveolae are stable, their association with signaling
molecules is dynamic (Liu et al., 2000; Fielding et al., 2002).
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Although caveolae and lipid rafts have a similar lipid composition, there is little
to suggest that they are interconvertible. They appear to play different roles in the
cell. However, crosstalk between caveolae and lipid rafts has been identified
(Abrami et al., 2001). Overexpression of caveolin and caveolae was associated
with a decrease in GPI-anchored proteins in rafts. Loss of GPI-anchored proteins
was coupled with an upregulation of caveolin and caveolae. While under basal
conditions individual signaling proteins may be associated mainly with lipid rafts,
or mainly with caveolae, a change in the proportions of rafts and caveolae can
lead to a redistribution of these proteins, though modification of their kinetic
properties (Sowa et al., 2001; Vainio et al., 2002).

2. Functions of rafts and caveolae — signaling and FC homeostasis

These roles have been studied in detail for both classes of microdomains.
Signaling via both lipid rafts and caveolae is FC-dependent. Unlike the situation
with caveolae, rafts may play only a minor or negligible role in whole cell FC
homeostasis. Additional roles for caveolae have been postulated in the uptake of
folate via its receptor (FR), a GPIl-anchored protein; in the uptake and release
of certain bacteria and viruses; and (in endothelial cells) in the transcytosis
of albumin. The first two of these functions now seem more likely to depend
on lipid rafts, not caveolae. Caveola-mediated transcytosis has not been
described except in endothelial cells. The present overview focuses on the
signaling and FC-dependent roles of caveolae and lipid rafts, both because these
appear to be the best established, and because recent evidence indicates them to
be linked.

Of signaling pathways involving caveolae, that mediated by the platelet-derived
growth factor receptor (PDGF-R) is among the best characterized. In primary
cells (vascular smooth muscle cells, fibroblasts) PDGF-R is present mainly in
caveolae (Liu et al., 2000; Fielding et al., 2002). Following PDGF binding, and
dimerization and autophosphorylation of PDGF-R in a complex that includes the
exchange factor sos and the small GTPase h-ras, independent phosphorylation
cascades are mediated via the p38, PI3 kinase, ERK1/2 and other pathways. The
primary sequences of PDGF-R and ras and caveolin itself include caveolin-
binding “scaffold” sequences (Smart et al., 1999). Caveolin is also irreversibly
N-palmitoylated (Parat and Fox, 2001). H-ras is both myristoylated and
palmitoylated and these modifications play a key role in its association with
caveolae (Prior et al., 2001). In continuous cell lines, where the expression of
caveolae is often much reduced, an association of PDGF-R with lipid rafts instead
of caveolae has been reported (Matveev and Smart, 2002). While initial studies
suggested that caveola-associated signaling proteins represented an inactive
reservoir (Smart et al., 1999), subsequent findings were made of active signaling
from caveolae (Gustavsson et al., 1999; Zhu et al., 2000). However, caveolar FC
content was a major regulatory factor in all cases.

Caveolae are the terminus within the plasma membrane for newly synthesized
FC as well as recycling lipoprotein-derived FC. In fibroblasts and vascular smooth
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muscle cells, FC loading was associated with both induction of caveolin synthesis
as well as increased expression of caveolae and caveolar FC at the cell surface
(Fielding et al., 1997; Thyberg et al., 1998). In aortic endothelial cells, caveolin
levels, already high, were not further increased by FC loading, but increased
amounts of FC became caveola-associated (Zhu et al., 2000). A decrease in
cellular FC was associated with a decrease in cell surface caveolae, and down-
regulation of caveolin synthesis (Hailstones et al., 1998). Caveolae were identified
in primary fibroblasts and vascular smooth muscle cells as sites from which FC is
preferentially transferred out of the cell (Fielding and Fielding, 1995; Fielding
et al., 2002). It is not yet clear if this results directly from a destabilization of
caveolar FC, for example following signal transduction, or if it involves the
activity of caveolar ancillary proteins such as p-glycoprotein or SR-BI, to facilitate
FC exchange between biological membranes (Liscovitch and Lavie, 2000; Liu
et al., 2002). Together these data suggest a model for FC homeostasis in
peripheral cells, in which a rise in cellular FC leads to an increase in both caveolin
synthesis and the expression of cell surface caveolae. This in turn leads to an
increase in FC efflux, and thus a decrease in cell FC, followed by downregulation
of caveolin expression (Fielding et al., 1997).

Initiation of signal transduction from PDGF-R by PDGF is associated with a
major, rapid decrease in the level of FC associated with caveolae. As much as
80% of initial FC content was lost within 5Smin, at least in part via a transient
4-fold stimulation of FC efflux, when the physiological acceptor apolipoproptein
A-1 (apo A-1) was present in the medium. Apo A-1 or lipid-poor prebeta-
migrating HDL are the major acceptors of FC derived from caveolae. That this
FC was directly derived from caveolaec was shown by balance studies. The
presence of apo A-1 (and stimulation of the loss of FC from caveolae) was
associated with a 2—4 fold stimulation of protein kinase activity (Fielding et al.,
2002). These data illustrate the dynamic relationship that exists between signal
transduction and FC homeostasis in caveolae (Fig. 1). Whether other signals
originating in caveolae are stimulated by FC efflux in a similar way remains to be
determined.

The structure and regulation of raft-associated signal complexes have been
determined mainly in blood leucocytes, where these make up the major proportion
of FC-rich cell surface domains. A well-studied example is the T-cell immuno-
globulin receptor. This signaling complex includes the proteins /yn and /ck. Both
are acylated, and the nonacylated proteins are inactive in signal transduction
(Kovarova et al., 2001; Hawash et al., 2002; Lang et al., 2002). Raft integrity, and
specifically the presence of FC, is also required. Unlike the case with caveolae,
there is no evidence at present that the FC content of rafts is dynamically
regulated. Their short lifetime probably limits such a role (Fig. 1).

To summarize, the structure, properties and functions of lipid rafts
and caveolae, while significantly different, show some common features. The
three-dimensional structure of caveolae permits the possibility of increased
specificity in the efflux of FC, and amplification and dynamic control of signal
transduction.
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RAFT-MEDIATED CAVEOLA-MEDIATED
Ligand U\ GPl-anchored Ligand U\
proteins
Baseline
EXY
Palm Palm
FC — <«— FC Ligand
Binding
Signal

Transduction

Return to
Baseline

P P

Fig. 1. Models for raft-mediated (left) and caveolae-mediated (right) signal transduction. The transient
nature of raft complexes is compared with the semi-permanent existence of caveolae. The figure also shows
the ability of caveolae to rapidly transfer FC to the extracellular space, in contrast to the lateral transfer in
the plane of the membrane suggested for lipid rafts. The horseshoe shaped symbols represent caveolin;
palm, palmitoylated caveolin.

3. Caveolae in cell division and aging

Cell division requires a doubling of cell-associated FC within a period of a few
hours. In subconfluent primary skin fibroblasts, where the doubling time is
24-28 h, such an increase was complete within 8 h following S-phase, and preceded
mitosis. This was achieved without any significant increase in cholesterogenesis
above the minimal rates characteristic of quiescent cells (Fielding et al., 1999). The
increase in cellular FC mass is the result both of an increase of the uptake of
preformed lipoprotein FC, and a decrease in the rate of FC efflux. At the same
time the expression of caveolae is reduced, and caveolin synthesis downregulated
at the level of transcription. These effects are dependent on transcription factors
E2F and p53. p53 acts as a tumor suppressor in many cell lines. Entry into
E2F-dependent cell cycling depends on p53 downregulation, while p53 expression
is associated with cell arrest. Chronic p53 overexpression leads to apoptosis.
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The finding that the caveolin gene was p53-dependent (Fielding et al., 2000;
Galbiati et al., 2001) may indicate that the downregulation of caveolae and
caveolin expression represents a significant cell cycle regulatory pathway effective
at the S/G2 interface, potentially involving both resistance to growth factors and
retention of cellular FC.

In the aging cell, these relationships appear to be greatly modified. While the
expression of p53 and caveolin are both increased, these changes were not
associated with the expected increase in cell surface caveolae. High levels of total
caveolin, but an absence of cell-surface caveolae, were reported in senescent
human fibroblasts (Wheaton et al., 2001). These cells also lacked caveola-
associated tyrosine kinases including the receptor proteins for several growth
factors. In a second study, an increase in caveolin protein was found in aging
cells, together with an increase in cytoplasmic vesicles that though identified as
caveolae, obviously differed in structure and location from normal caveolae (Park
et al., 2000). Instead, most caveolin in aging cells appeared to be present in
intracellular vesicles. Here it could play no role in the stimulation of FC efflux or
signaling via cell surface kinases. The aging cell is generally refractory to the
effects of growth factors, probably at least in part associated with a reduction in
the expression of caveolac. Together these data suggest that the induction of

FC

Caveola _I 1

Receptor
protein

Senescence

FC FC

Receptor
protein

Caveolin rich
vesicles

Fig. 2. Effects of aging/senescence on the distribution of caveolae and caveolin. The model shown
suggests that the inability of senescent cells to palmitoylate caveolin may be central to the inability of
caveolin to form cell surface caveolae, and the disruption of normal cell-surface tyrosine kinase-based
signaling complexes.
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caveolin expression is normal in aging cells, but that the conversion of this
caveolin to caveolae functional at the cell surface is not.

Caveolin at the cell surface is palmitoylated at residues 133, 143 and 156. Early
experiments did not distinguish between vesicles containing caveolin and cell
surface caveolae, and reported that mutant, palmitoylation-defective caveolin was
recovered, like wild-type caveolin, in the detergent-resistant membrane fraction
(Dietzen et al., 1995) while observing that caveolin polymerization was stabilized
by acylation (Monier et al., 1996). Functional studies of caveola-dependent
signaling now show that in the absence of palmitoylation, normal caveolae are not
formed (Uittenbogaard and Smart, 2000).

Oxidative stress is a significant factor in cellular aging, and stress induced in
endothelial cells was associated with an inhibition of caveolin palmitoylation
(Parat et al., 2002) and trafficking (Kang et al., 2000; Parat et al., 2002). This
suggests that in aging cells, a decrease in cell surface caveolae, and the
accumulation of intracellular caveolin vesicles mediated by oxidative stress, could
be responsible for abnormalities in both signaling by receptor kinases, and
potentially, in FC homeostasis (Fig. 2).

4. Summary

Several lines of investigation connect FC homeostasis and signaling via
caveolae and lipid rafts. Caveolae appear to represent a stabilized, three-
dimensional evolution of rafts, that can control their FC content dynamically,
both during signal transduction and in response to lipid loading. In the normal
dividing cell, this system limits signaling from the cell surface except to initiate
the cell cycle, and retains FC as required for cell membrane synthesis, despite
the presence of extracellular lipoprotein FC acceptors. In the aging cell, these
mechanisms are deranged and while caveolin accumulates in intracellular vesicles,
rather than in cell surface caveolae, and caveolin palmitoylation is inhibited. A
detailed study of the relationship between palmitoylation status and caveolar
function would be of great interest. Studies of the molecular basis of these
effects should also offer many opportunities to understand the role of the
plasma membrane in aging.
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1. Introduction

Free radical-mediated injury, termed oxidative damage, is thought to be a
central contributor to processes of aging as well as the pathogenesis of several
age-related diseases. The biochemistry of free radical-mediated injury is complex
and its sequellaec and the response to such injury are protean. In this chapter we
will review the biochemical mechanisms of lipid peroxidation, one of the major
outcomes of free radical-mediated injury to tissue, and the possible contributions
of lipid peroxidation to common age-related diseases.

2. Biochemistry of lipid peroxidation
2.1. Peroxidation of fatty acyl groups

Peroxidation of fatty acyl groups, mostly in membrane phospholipids, has three
phases: initiation, propagation, and termination (Fig. 1). Initiation occurs when a
hydrogen atom is abstracted from a fatty acyl chain (LH), leaving behind a carbon-
based lipid radical (L*). Hydrogen atoms can be abstracted by carbon-, nitrogen-,
oxygen-, or sulfur-based radicals. Among the oxygen-based radicals, *OH is the
most effective at hydrogen atom abstraction. Allylic hydrogens are most labile to
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Fig. 1. Chemical diagram of the steps in lipid peroxidation.
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abstraction because their carbon-hydrogen bond is made more acidic by the
adjacent carbon—carbon double bond. Therefore, polyunsaturated fatty acids are
the most vulnerable to lipid peroxidation. Following rearrangement to form a
conjugated diene, propagation of lipid peroxidation begins with the reaction of L*
with molecular oxygen to form a lipid peroxyl radical (LOO®). This extremely
reactive species can abstract a second hydrogen atom from a nearby fatty acyl
chain (L'H) to generate a lipid hydroperoxide (LOOH), thus forming a new
carbon-based lipid radical (L’*) that can initiate another round of hydrogen atom
abstraction. LOOH’s may undergo Fenton-type reaction to generate lipid alkoxyl
radicals (LO®) that then fragment to form a variety of hydrocarbons and reactive
aldehydes. Finally, termination of lipid peroxidation occurs when two radical
species react with each other to form a nonradical product. Overall, lipid
peroxidation is a self-propagating process that will proceed until substrate
is consumed or termination occurs. Cellular antioxidant systems may intercede at
either the first or second phase. Superoxide dismutases, catalases or paramagnetic
ion chelators prevent initiation of lipid peroxidation by eliminating radicals or
sources of radicals before they react with lipid. In contrast, ascorbate, a-tocopherol,
and reduced glutathione act by suppressing propagation of lipid peroxidation.

There are two broad outcomes to lipid peroxidation, viz., structural damage to
membranes and generation of bioactive secondary products. Structural membrane
damage derives from the generation of fragmented fatty acyl chains, lipid-lipid
crosslinks, and lipid-protein crosslinks (Farber, 1995). In addition, lipid hydro-
peroxyl radicals can undergo endocyclization to produce novel fatty acid esters that
may disrupt membranes. Two classes of cyclized fatty acids are the isoprostanes
and neuroprostanes, derived in situ from free radical-mediated peroxidation
of arachidonyl or docosahexadonyl esters, respectively (Morrow and Roberts,
1997; Roberts et al., 1998). In total, these processes combine to produce changes in
the biophysical properties of membranes that can have profound effects on the
activity of membrane-bound proteins.

2.2. Lipid peroxidation products

Bioactive secondary products of lipid peroxidation can be generated by a
number of mechanisms. Fragmentation of LOOH’s, in addition to producing
abnormal fatty acid esters, also liberates a number of diffusable products, some
of which are potent electrophiles (Esterbauer et al., 1991; Porter et al., 1995).
The most abundant diffusable products of lipid peroxidation are chemically
reactive aldehydes such as malondialdehyde (MDA), acrolein, 4-hydroxy-2-
nonenal (HNE) from -6 fatty acyl groups, and 4-hydroxy-2-hexenal (HHE)
from w-3 fatty acyl groups (Esterbauer et al.,, 1991) (Fig. 2). Other highly
chemically reactive products are also formed but these presumably remain
esterified to lipid; examples of these are the isoketals and neuroketals (Roberts
et al., 1999; Bernoud-Hubac et al., 2001). Alternatively, hydrolysis of oxygenated
fatty acyl groups generated during lipid peroxidation can liberate novel products
from damaged lipid. For example, free isoprostanes are easily detectable in
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Fig. 2. Chemical diagram of some of the major reactive products of lipid peroxidation.

Fig. 3. Chemical diagram of 15-F,-isoprostane.

plasma, urine, and cerebrospinal fluid (CSF) (Morrow et al., 1997; Montine T.J.
et al., 1998, 1999a,b; Roberts et al., 1998).

Some of these secondary products are thought to contribute significantly to
the deleterious effects of lipid peroxidation in tissue. Reactive aldehydes from lipid
peroxidation adduct a number of cellular nucleophiles, including proteins, nucleic
acids, and some lipids (Esterbauer et al., 1991). Indeed, many of the cytotoxic
effects of lipid peroxidation can be reproduced experimentally using electrophilic
lipid peroxidation products such as HNE (Farber, 1995). These include depletion
of glutathione, dysfunction of structural proteins, reduction in enzyme activities,
and induction of cell death. Chemically stable products of lipid peroxida-
tion may also contribute to the pathogenesis of lipid peroxidation through
receptor-mediated signaling. For example, peroxidation and fragmentation of
polyunsaturated fatty acyl groups in phosphatidylcholines can generate platelet
activating factor (PAF) analogues that stimulate the PAF receptor (Mclntyre
et al., 1999). Also, at least one isomer of the F-ring isoprostanes, 15-F,-IsoP
(Fig. 3), has been shown to be a potent vasoconstrictor and platelet activator,
likely through receptor-mediated mechanisms (Audoly et al., 2000).

Advanced glycosylation endproducts (AGE’s) are complex post-translational
modifications of protein derived from reducing sugars and related carbohydrates
and have been studied extensively as contributors to most, if not all, sequellaec of
adult-onset diabetes mellitus (Booth et al., 1997). AGE formation follows
protracted elevation of glucose concentrations, a condition classified as substrate
stress. Importantly, recent data demonstrate that AGE’s may also form from lipid
peroxidation in the absence of substrate stress (Fu et al., 1996). Therefore, both
substrate stress and lipid peroxidation may converge in a common pathway of
AGE formation. Like other products of lipid peroxidation, AGE’s contribute to
tissue injury by inactivation of critical proteins; however, AGEs also lead to
reactive oxygen species (ROS) production either through direct chemical means or
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by stimulation of the receptor for AGE’s (RAGE) that leads to free radical
production via cell signaling pathways (Smith M.A. et al., 1995).

2.3. Quantification of lipid peroxidation

Quantification of lipid peroxidation has been pursued by measuring several of
the secondary products mentioned above. A very important distinction to consider
is whether the assay is measuring lipid peroxidation occurring in vitro or in vivo.
Assays such as those for thiobarbiturate reactive substances (TBARS) or chro-
matography for specific secondary products accurately measure lipid peroxida-
tion in a controlled in vitro system where further metabolism of the lipid
peroxidation products does not occur. However, in more complicated model
systems such as cell culture or and in vivo, extensive metabolism of electrophilic
lipid peroxidation products compromises the accuracy of these assays (Gutteridge
and Halliwell, 1990; Moore and Roberts, 1998). One solution to the problem
of accurately quantifying lipid peroxidation in vivo has been the measurement of
a specific class of isoprostanes, the F,-isoprostanes, which are chemically stable
products of free radical-mediated damage to arachidonyl esters that are not
extensively metabolized in situ (Morrow et al., 1997). Indeed, tissue, plasma, urine,
and CSF F»-isoprostanes are now widely used as highly accurate in vivo
biomarkers of lipid peroxidation in experimental models and patients.

3. Lipid peroxidation in age-related diseases

Increased lipid peroxidation has been correlated to varying extents with common
age-related diseases: adult onset diabetes mellitus, atherosclerosis, some types of
cancer, and some forms of neurodegeneration. Two major questions remain in all
of these diseases: does lipid peroxidation contribute to disease initiation or progres-
sion as opposed to being a consequence of disease, and if so, by what mechanisms?
There is a very large and rapidly expanding literature on lipid peroxidation in age-
related diseases. We will briefly review the findings on the role of lipid peroxidation
in atherosclerosis and cancer, and then focus on the contributions of lipid
peroxidation to neurodegeneration.

3.1. Atherosclerosis

Atherosclerosis is a complex process that involves a pathologic interaction
among several components including blood, endothelial cells, macrophages and
vascular smooth muscle cells. The role of lipid peroxidation in atherosclerosis has
focused on oxidative damage to low density lipoprotein (LDL) by radicals thought
to be produced from macrophages or endothelial cells. Oxidized LDL has not only
modified lipid from the structural alterations caused by lipid peroxidation, but has
also modified protein, apolipoprotein (apo) B, which is adducted with secondary
products of lipid peroxidation like HNE. Indeed, the modifications of apoB by
lipid peroxidation have been studied in great detail. The pathologic consequences
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of exposing vascular cells to oxidatively modified LDL are many and include
(i) avid incorporation by macrophage scavenger receptors, in contrast to the
apoB/E receptor for unmodified LDL, and the promotion of foam cell forma-
tion, (ii) chemotaxis, (iii) stimulation of cytokine and growth factor release,
(iv) cytotoxicity to endothelial cells and vascular smooth muscle cells, and
(v) humoral immune response.

It has been clearly shown that LDL is oxidized in vivo and that lipid
peroxidation products and modified LDL do accumulate in atherosclerotic lesions
(Palinski et al., 1989). For example, HNE-apoB adducts and F-ring isoprostanes
have been immunolocalized to atherosclerotic plaques (Jurgens et al., 1993;
Pratico et al., 1998b). Moreover, the results of experimental studies outlined above
indicate that the oxidized LDL has many opportunities to promote the
progression of atherosclerosis. However, large randomized clinical trials with
a-tocopherol at doses that presumably suppress lipid peroxidation had mixed
results (Stephens et al., 1996; Yusuf et al., 2000). Major questions that remain to
be resolved are what is the source(s) of free radicals responsible for LDL
oxidation in vivo and which of the many pathologic effects of oxidized LDL
demonstrated in experimental models is actually contributing to atherogenesis
in vivo (Chisolm and Steinberg, 2000).

3.2. Carcinogenesis

ROS-mediated damage to DNA can be direct, resulting in single- and double-
strand breaks, abasic sites, and a number of chemically modified nucleotides
including thymine and cytosine glycols, 5-hydroxycytidine, 8-hydroxyguanine,
and 8-hydroxyadenine (Preston and Hoffman, 2001). In addition to direct attack
by ROS, reactive products of lipid peroxidation also modify DNA chemically to
form a variety of species including cyclic propano adducts (Burcham, 1998).
Indeed, recent advances in analytical methods have shown that such modifications
account for a significant subset of endogenous DNA damage. This may be due in
part to the self-progating nature of lipid peroxidation compared to a one-time
attack of ROS on DNA. The magnitude of oxidative damage to DNA in humans
has been estimated in one study that quantified urinary concentrations of
8-hydroxyguanine and thymine glycol; these investigators estimated that approxi-
mately 20,000 bases in DNA per cell per day are damaged by ROS.

Base excision is thought to be especially important in repair of oxidative damage
to DNA. Mutations can occur with misrepair or nonrepair, the common ones being
C — T substitutions, G — C transversions, and G — T transversions. However, it
must be stressed that the common oxidative damage-induced mutations are not
specific because they too are produced by errors in DNA polymerase copying of
undamaged DNA (Jackson and Loeb, 2001). Thus, while there is substantial
experimental evidence that oxidative damage-induced mutations can contribute to
initiation or progression of cancer, this lack of specificity confounds definite
demonstration of oxidative damage as cause of malignancy.
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3.3. Neurodegeneration

3.3.1. Alzheimer’s disease

There is compelling evidence that the magnitude of lipid peroxidation in the
brains of Alzheimer’s disease (AD) patients examined post mortem exceeds that in
age-match control individuals. Seminal experiments demonstrated significantly
increased TBARS in diseased regions of AD brain compared to age-matched
control individuals (Lovell et al., 1995). Others have measured free HNE and
acrolein in AD brain tissue and have shown that both are elevated in diseased
regions of AD brain compared to controls (Audoly et al., 2000).

F,-isoprostane levels are elevated in frontal lobe and hippocampus of AD
patients compared to controls with short post mortem intervals (Pratico et al.,
1998a; Montine T.J. et al., 1999¢). In addition, F,-isoprostanes are elevated in the
cerebral cortex of aged homozygous apoE gene-deficient mice (Montine T.J. et al.,
1999d; Pratico et al., 1999). A class of free radical-generated products analogous
to the Fs-isoprostanes, but generated from docosahexaenoic rather than
arachidonic acid, have been described and termed F4-neuroprostanes (Roberts
et al., 1998). Because docosahexaenoic acid is more labile to peroxidation than
arachidonic acid and because docosahexaenoic acid is highly enriched in brain, it
was proposed that Fs-neuroprostanes may be more sensitive markers of brain
oxidative damage than F»-isoprostanes. Indeed, F4-neuroprostanes are signifi-
cantly more abundant than F,-isoprostanes in the cerebral cortex of aged
homozygous apoE deficient mice (Montine T.J. et al., 1999d). One group has
reported that F4-neuroprostanes (called F4-isoprostanes in their publication) are
elevated in temporal and occipital, but not parietal lobes of AD patients compared
to controls, and that levels of Fj-neuroprostanes are greater than those of
F,-isoprostanes in these regions (Nourooz-Zadeh et al.,, 1999); however,
interpretation of data from this study is limited by long post mortem intervals
(Nourooz-Zadeh et al., 1999). Finally, others have reported a significant increase
in cerebral F»-isoprostane levels in transgenic mice that express a mutant form of
the human amyloid precursor protein gene (Tg2567), and a correlation between
F,-isoprostane and ApB peptides levels up 18 months of age (Pratico et al., 2001);
however, we have been unable to reproduce this finding in the same mice aged up
to 20 months (Fig. 4). It is worth considering that Tg2567 mice, although an
excellent model of cerebral AS amyloidogenesis, are a limited model of AD since
they exhibit minimal neuronal loss as well as lack of other features of AD.
Whether or not there is increased lipid peroxidation in the cerebrums of these
mice may be a critical issue in determining the potential contribution of lipid
peroxidation to neurodegeneration. If these mice do experience increased cerebral
lipid peroxidation in the absence of significant neuronal loss, then one is left with
the conclusion that increased lipid peroxidation, even when combined with
cerebral A peptide deposition, is not sufficient to cause significant neuronal loss.
Alternatively, if these mice do not have significantly increased lipid peroxidation,
then a role for increased lipid peroxidation in neurodegeneration remains a
possibility.
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Fig. 4. Cerebral F-isoprostane levels in Tg2567 mice that express a mutant form of human amyloid
precursor protein gene and that accumulate AB peptides in brain compared to their littermate wild type
controls.

In contrast to quantification, several groups have also studied the localization
of lipid peroxidation products in AD brain. These studies have used immuno-
chemical detection of protein covalently modified by lipid peroxidation products
or displaying protein carbonyls. There has been broad agreement among these
studies. Consistent with the quantitative studies described above, hippocampus and
cerebral cortex from AD patients display protein modifications that are undetect-
able or barely detectable in the corresponding brain regions from age-matched
control individuals (Montine K.S. et al., 1997a,b, 1998; Sayre et al., 1997,
Smith, M.A. et al., 1998b; Calingasan et al., 1999). Another study found proteins
modified by lipid peroxidation products in diseased regions of AD brain that are
not present in uninvolved brain regions. Within diseased regions of AD brain,
neuronal cytoplasm and neurofibrillary tangles (NFT’s) are the major focus of
protein modification; however, none of these studies observed modified proteins in
or adjacent to neuritic plaques. This stands in sharp contrast to what is seen in
genetically modified mice expressing mutant human amyloid precursor protein,
where increased HNE-protein adduct immunoreactivity and AGE immuno-
reactivity are localized adjacent to or within amyloid deposits (Smith et al.,
1998a). One group observed that the tissue distribution of HNE-protein adducts
in post mortem human brain varies with APOE genotype. In these studies, one of
the chemical forms of HNE-protein adducts, the 2-pentylpyrrole adduct,
co-localized with NFT’s and was significantly associated with homozygosity for
the ¢4 allele of APOE (Montine, K.S. et al., 1997a,b). The most abundant
chemical form of HNE-protein adducts, the Michael adduct, was observed in both
pyramidal neuron and astrocyte cytoplasm of AD patients with an &3 allele of
APOE, but only in pyramidal neuron cytoplasm of AD patients homozygous for
&4 (Montine et al., 1998). These authors have suggested that the tissue distribution
and biochemical structure, not the apparent quantity, of HNE-protein adducts in
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AD is influenced by 4POFE genotype, perhaps related to the essential role of apoE
in central nervous system lipid trafficking.

Studies of cultured hippocampal and cortical neurons, of cortical synaptosome
preparations, and of rodent models relevant to the pathogenesis of AD have
provided considerable role support for lipid peroxidation and HNE in the synaptic
dysfunction and neuronal degeneration that occurs in AD. Exposure of neurons
or synaptosomes to amyloid beta-peptide results in lipid peroxidation and HNE
production (Mark et al., 1997a; Keller et al., 1997). HNE, in turn, impairs the
function of ion-motive ATPases, glucose and glutamate transporters, and GTP-
binding proteins resulting in dysregulation of cellular ion homeostasis and
increased vulnerability of neurons to excitotoxicity and apoptosis (Mark et al.,
1997a,b; Keller et al., 1997, Kruman et al., 1997; Blanc et al., 1997, 1998).
Moreover, HNE can induce changes in the microtubule-associated protein tau
similar to those present in the neurofibrillary tangles of AD patients (Mattson
et al., 1997). Finally, infusion of iron or HNE into the basal forebrain of rats
causes depletion of acetylcholine and impairment of learning and memory (Bruce-
Keller et al., 1998). Interestingly, apolipoproteins E2 and E3 bind more HNE than
does apolipoprotein E4, and this may account for the superior abilities of E2 and
E3 to protect neurons against oxidative stress-induced death (Pedersen et al.,
2000). Collectively, these findings suggest a major role for lipid peroxidation and
HNE in the pathogenesis of neuronal dysfunction and degeneration in AD.

The above studies of brain tissue all used material collected post mortem. AD
patients undergoing post mortem examination typically have advanced disease and
an average duration of dementia of 8-12 years. Therefore, a serious limitation to
analysis of tissue obtained post mortem is that the increased brain lipid per-
oxidation in AD patients might be a late stage consequence of disease. Obviously,
a late stage consequence of AD would be a less attractive therapeutic target than
a process contributing to disease progression at an earlier stage. More recently,
CSF has been investigated as an accessible source of central nervous system tissue
for the assessment of brain lipid peroxidation in earlier stages of AD. Initial
studies measured CSF obtained from the lateral ventricles post mortem to
determine the feasibility of this approach. One study measured free HNE in CSF
obtained from the lateral ventricles post mortem and showed that its concentration
is significantly elevated in AD patients compared to age-matched controls (Lovell
et al., 1997). A few studies have determined the concentration of F,-isoprostanes,
and in one case F4-neuroprostanes, in CSF obtained from the lateral ventricles
post mortem and have shown significant elevations in AD patients compared to
age-matched controls (Montine, T.J. et al., 1998, 1999c). Importantly, CSF
F,-isoprostane concentrations in AD patients are significantly correlated with
decreasing brain weight, degree of cerebral cortical atrophy, and increasing Braak
stage, but not with APOE genotype or the tissue density of neuritic plaques or
NFT’s (Montine, T.J. et al., 1999c¢).

More recent studies have focused on probable AD patients early in the course of
dementia. F,-isoprostane levels are reproducibly increased in CSF obtained intra
vitam from the lumbar cistern of AD patients early in the course of their dementia
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(Montine, T.J. et al., 1999a; Pratico, D. et al., 2000) compared to age-matched
controls. In contrast, the literature on peripheral F,-isoprostanes in AD has been
conflicting. Four small studies have reported plasma or urine F,-IsoP levels in
patients with mild to moderate dementia and in age-matched controls. Two
concluded that neither plasma nor urine F,-IsoPs are elevated in AD patients
compared to controls (Feillet-Coudray et al., 1999; Montine, T.J. et al., 2000), one
concluded that plasma but not urine F,-IsoPs are elevated in AD patients versus
controls (Waddington et al., 1999), and the last concluded that both plasma and
urine F»-IsoPs are clevated in AD patients compared to controls (Pratico et al.,
2000); however, this study was unique among the four in that it did not exclude
individuals who smoke, a behavior known to elevate plasma and urine
F,-isoprostanes (Morrow et al., 1995). We recently completed the largest study of
56 AD patients and 34 controls (smokers excluded) and observed no difference in
urine levels of F,-isoprostanes or their major metabolite. In addition, urine and
CSF F,-isoprostanes levels in 32 AD patients did not correlate. Supporting these
conclusions, elevated rat cerebral Fj-isoprostanes and F4-neuroprostanes
following systemic exposure to kainic acid were not associated with a significant
change in plasma or urine levels from the same animals. These results show that
plasma and urine F>-IsoPs and F4-NeuroPs do not accurately reflect CNS levels of
these biomarkers and are not reproducibly elevated in body fluids outside of CNS
in AD patients.

In combination, these data indicate that regionally increased lipid peroxidation
in brain is a feature of AD that correlates with disease severity at end stages and
that is increased early in the course of this disease. Lack of a reproducible increase
in lipid peroxidation markers in peripheral body fluids suggests that oxidative
damage to AD is not systemic but rather focused in the central nervous system.
Finally, it remains unclear what role lipid peroxidation may be playing in mouse
models of AB cerebral amyloidogenesis. As with atherosclerosis, possible sources
and mechanisms for excess free radical generation in diseased regions of AD
abound in model systems, but none has yet been proven as a dominant pathway
in vivo. In addition, what role lipid peroxidation and its products play in the
initiation of progression of AD is not clear.

3.3.2. Parkinson’s disease

Idiopathic Parkinson’s Disease (PD) is the second most common age-related
neurodegenerative disease. Similar to AD, there is compelling evidence from
human post mortem tissue that increased oxidative stress occurs in the midbrain of
patients with PD compared with age-matched controls (Coyle and Puttfarcke,
1993; Cohen and Werner, 1994; Jenner and Olanow, 1998). However, the
mechanisms of oxidative stress may differ somewhat from AD. For example,
depletion of nigral-reduced glutathione is proposed to be a relatively early and
specific event in PD (Jenner, 1994). Lipid peroxidation also appears to be a
component of nigral degeneration in PD when examined post mortem. Compared
with controls, the midbrains of PD patients have elevated TBARS and LOOH’s
as well as immunochemically detectable HNE-protein adducts; free HNE is
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elevated in CSF of patients with PD compared to controls (Dexter et al., 1989,
1994; Yoritaka et al., 1995; Shelley, 1998). Interestingly, HNE-protein adducts
were present in several midbrain nuclei in PD patients, not just those in the
substantia nigra (Yoritaka et al., 1995), a pattern similar to 8-hydroxyguanosine
immunoreactivity in midbrain from PD patients (Zhang et al., 1999). Despite the
post mortem evidence that associates PD with increased midbrain lipid peroxida-
tion, negative results with high dose a-tocopherol supplementation in the large
clinical trials have questioned the significance of lipid peroxidation earlier in the
course of PD (DATATOP, 1989).

In humans and some mammals including mice, exposure to 1-methyl-4-
phenyltetrahydropyridine (MPTP) produces selective degeneration of dopami-
nergic neurons in the central nervous system. MPTP-induced nigral dopaminergic
degeneration in animals has been utilized widely as a model of PD (Langston and
1994) and is thought to involve mitochondrial dysfunction and oxidative damage.
Indeed, mice lacking both alleles of the Cu/Zn-superoxide dismutase gene (sodl)
or the glutathione peroxidase gene (gpx/) are significantly more vulnerable to
MPTP-induced dopaminergic neurodegeneration than littermate controls (Zhang
et al., 2000). Moreover, brainstems of mice systemically exposed to MPTP show
an acute 8-fold increase in HNE concentrations, a 50% reduction in reduced
glutathione levels, and a 6-fold increase in the concentration of HNE-glutathione
adducts within 24 hours of exposure (Shelley, 1998).

While these data suggest that some lipid peroxidation products may participate
in the pathogenesis of MPTP-induced dopaminergic neurodegeneration and
demonstrate increased lipid peroxidation in late stage PD, the role of nigral lipid
peroxidation in earlier stages of PD is not clear.

3.3.3. Amyotrophic lateral sclerosis

Similar to AD and PD, amyotrophic lateral sclerosis (ALS) has both familial
and sporadic forms. Research into the role of oxidative damage in ALS has been
fueled by the discovery that mutations in the gene for Cu/Zn-SOD (SODI) are the
cause of a subset of familial ALS (Rosen et al., 1993). Indeed, some lines of mice
expressing ALS-linked SODI mutations ALS develop a disease phenotype that
closely mimics familial ALS and that is thought to derive in part from increased
free radical-mediated damage (DalCanto and Gurney, 1994; Gurney et al., 1994;
Tu et al., 1997). Post mortem examination of patients with sporadic ALS has shown
increased protein carbonyl formation and other signatures of lipid peroxidation in
motor cortex, although TBARS were not elevated, and immunoreactivity for
MDA -protein adducts in spinal cord, which was absent in controls (Ferrante et al.,
1997). Others have shown that lumbar spinal cord obtained post mortem from
sporadic ALS patients has immunohistochemically detectable HNE-protein adducts
in the anterior horn (Pederson et al., 1998). These investigators also showed by
immunoprecipitation that one of the modified proteins is an excitatory amino acid
transporter (EAAT?2). Interestingly, familial ALS patients, either with or without
mutations in SODI, do not have these motor cortex changes seen in sporadic ALS,
but do have similar spinal cord changes (Ferrante et al., 1997).
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Two studies have examined CSF from living ALS patients for evidence of
increased lipid peroxidation earlier in the disease. One study measured free HNE
in CSF obtained from the lumbar cistern of sporadic ALS patients at initial
diagnosis and prior to therapy (Smith et al., 1998). HNE levels were measured
using high performance liquid chromatography with fluorescence detection
following derivatization of CSF. This study demonstrated a significant elevation
in HNE levels in CSF from sporadic ALS patients compared to patients with
several other neurodegenerative diseases, but not when compared to patients with
Guillain-Barre syndrome or chronic inflammatory demyelinating polyneuropathy
(Smith et al., 1998). In a separate, smaller study, F,-isoprostanes in CSF from
sporadic ALS patients and age-matched controls were measured using chro-
matography followed by mass spectrometry; there was no significant difference
between the two groups (Montine et al., 1999a). The average disease duration in
this group of ALS patients was approximately 2 years and many of the patients
had already initiated therapy.

In summary, data from post mortem studies consistently associate ALS with
increased lipid peroxidation in spinal cord and point to the modification of a
specific protein by lipid peroxidation products as a mechanism whereby lipid peroxi-
dation products could contribute to disease progression. Moreover, a closely
related animal model of familial ALS indicates that free radical-mediated damage
may contribute to disease progression. Finally, some but not all data from CSF
support a role for increased lipid peroxidation early in the course of sporadic ALS.

4. Summary

Lipid peroxidation has been associated with many pathological conditions,
especially age-related diseases. While this association is becoming tighter and
the body of evidence strongly supporting a role for lipid peroxidation in the patho-
genesis of atherosclerosis, cancer, and neurodegeneration, significant questions
remain. What are the major sources of free radicals in each of these diseases?
Answers to this question will have important therapeutic implications. What are
the mechanisms by which lipid peroxidation contributes to the initiation or pro-
gression of disease? Answers to this question will deepen our understanding of the
pathogenesis of age-related diseases.
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1. Introduction

Phosphoinositide lipid signaling pathways function as effectors from a variety
of growth factor receptors, most notably for the purposes of this review, the
insulin and IGF-I receptors. Phosphoinositide lipid signaling pathways have been
conserved through metazoan evolution, and have important roles in the growth
and development of diverse organisms. Thus, the basic components of this
signaling pathway are evolutionarily ancient. However, studies of this signaling
pathway in a variety of organisms suggest that the outputs of this pathway can be
different among species. Such plasticity may target the signaling pathway to
accommodate unique needs of each organism.
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One basic function of phosphoinositide lipid signaling that appears to be
conserved in evolutionarily diverse organisms is control of cell growth and
metabolism. In flies, phosphoinositide lipid signaling directly controls cell growth.
The same pathway in nematodes signals that environmental conditions are
adequate for growth and reproduction. Phosphoinositide lipid signaling in
mammals is a major effector for signaling downstream of the insulin- and IGF-I
receptors that control cellular metabolism and growth.

In addition to metabolic outputs, insulin-like signaling controls longevity in
fruitflies and nematodes. In nematodes, phosphoinositide lipid signaling is linked
to increased cellular stress resistance. The extent to which mammalian longevity is
controlled by phosphoinositide lipid signaling is also currently under active
investigation. The purpose of this article is to compare and contrast the
components and functions of phosphoinositide lipid signaling in nematodes,
fruitflies and mammals. The links between phospholipid signaling and longevity in
invertebrates will be examined and the possibility that such pathways also control
mammalian longevity will be discussed. Deciphering the pathways by which
phospholipid signaling impinges on invertebrate longevity is important for under-
standing the strategies that nature has adopted for lifespan control.

2. Activation of PI3K by insulin/IGF-I receptor signaling

The membrane lipid, phosphatidylinositol (PtdIns), can be phosphorylated on
the D-3, D-4 and/or D-5 positions of the inositol ring. In response to growth
factor signaling, levels of PtdIns-3,4,5-P; rise dramatically as a consequence of
class Io PI3K activation. Class I, PI3K are heterodimeric enzymes consisting of a
110kDa catalytic subunit and an SH2-domain containing adaptor, or regulatory,
subunit (for an in-depth review, see Fruman et al., 1998).

Three pl10 catalytic subunits have been identified in mammalian genomes,
pll0 «, B, and § (Domin and Waterfield, 1997). The pl10 amino terminus
contains domains that mediate binding to the adaptor subunit and ras (Fig. 1A).
The catalytic domain is located in the carboxyl terminus. Catalytic activation
requires that the pl110 catalytic subunit bind to an adaptor subunit, also referred
to as a regulatory subunit. The mammalian PI(3)K adaptor subunits are p85c,
pS5a, pS0c p858 and pSSy (Fig. 1B). The p85 isoforms differ from the pS55/p50
proteins by the presence of an amino terminal extension containing SH3 and
BH (breakpoint cluster region homology) domains. The p85/p55/p50a proteins
are all transcribed as splice variants from the same gene (Fruman et al., 1996).
All class Ip PI3K adaptors contain a pair of SH2 domains that target the protein
to phosphotyrosines on activated growth factor receptors or linker proteins,
including IRS. The adaptor subunit SH2 domains bind preferentially to
phosphotyrosines within the YXXM motif. YXXM sites are found on the
vertebrate insulin and IGF-I receptors, the insulin receptor-like proteins of
Drosophila and C. elegans, and within the IRS linker proteins of both vertebrates
and invertebrates. The sequences between the SH2 domains mediate binding to
the amino-terminal domain of the p110 catalytic subunit. SH2 domain-mediated
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Fig. 1. Class I5 PI3K catalytic and adaptor subunits are conserved between vertebrates and invertebrate
species. (A) pl10-like catalytic subunits from human, Drosophila and C. elegans showing positions of
intersubunit interaction domains, ras-binding domains and catalytic domains. White numbers show
percent identity to human p1108 enzyme in intersubunit interaction domains and catalytic domains. The
accession numbers for the sequences used for this comparison are: p1108 (P42338), p110« (P42336), p1 10y
(P48736), Dpl110 (CAA70291), and AGE-1 (S71792). (B) Comparison of PI3K adaptor subunits with
percent identity to p858 shown in white. p85«, p55«, and p50« are splice variants from the same locus and
are essentially identical in the SH2 domains. The accession numbers for the sequences shown are: p858
(AAD22671), p85a/p55¢/p50a (P27986), p55y (Q92569), p60 (CAAT2030), and AAP-1 (AAF28335).
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recruitment of PI3K to activated growth factor receptors is believed to provide a
mechanism for recruiting PI3K to the membrane where the enzyme’s lipid
substrates are located.

3. Phosphoinositide lipid signaling by Class II and III PI3K

Growth factor receptor signaling stimulates a burst of PtdIns-3,4-P, and
PtdIns-3,4,5-P; production, which activates downstream signaling pathways. At
least two additional phosphoinositide lipids perform intracellular signaling roles.
Class IIT PI3K enzymes catalyze the production of the singly phosphorylated lipid,
PtdIns-3-P, which regulates intracellular vesicle trafficking (Fig. 2). The yeast class
IIT PI3K, Vps34, is essential for protein sorting, which appears to be the general
role for this lipid species in eukaryotes (Schu et al., 1993).

Signaling downstream of G-protein coupled receptors can activate phospholipase
C (PLC), which cleaves PtdIns-4,5-P, to produce 1,2-diacylglycerol (1,2-DAG)
and Ins-1,4,5-P;. Ins-1,4,5-P; is a soluble product that diffuses to the ER to
activate Ca’' release. The second product of PLC-mediated PtdIns-4,5-P,
cleavage, 1,2-DAG, activates protein kinase C in the presence of elevated Ca’™.
PKC is a serine/threonine protein kinase whose targets include proteins that act in
cellular metabolic and growth pathways. PtdIns-4,5-P, is produced by the
sequential action of PI-4-K and PIP5K and, together with PtdIns-4-P, constitute
the majority of cellular phosphoinositide lipid stores (Fig. 2). Proteins with PI-4-K
activity have been identified in mammalian cells and are structurally similar to the
class I PI3K catalytic subunits (Carpenter and Cantley, 1996). In the yeast,
Saccharomyces cerevisiae, the gene encoding PI-4-K, STT4, is required for viability
in staurosporine (Yoshida et al., 1994). Yeast and mammalian PIP5K enzymes
have been identified. Two PIP5K enzymes have been studied in S. cerevisiae,

Ptdins —\PI3K
Class Il

PIP4 PIP5K
Ptdins-3-P A Ptdins-3,4-P2——) Ptdins-3,4,5-P3
PI3K ﬂ PI3K ﬂ

Pl-4-K Class/ IA CIass/IA
Ptdins-4-P # PtdIns-4,5-P2
PIP5K
PLC

V"

Ins-1,4,5-P3 1,2-DAG

Fig. 2. Pathways for production of phosphoinositide lipids. Large arrows indicate that PtdIns-4-P and
PtdIns-4,5-P, constitute the majority of cellular phosphoinositide lipids (Fruman et al., 1998). As
discussed in the text, in response to activation by growth factor receptors, Class 15 PI3K catalyzes the
production of PtdIns-3,4-P, and PtdIns-3,4,5-P3 from PtdIns-4-P and PtdIns-4,5-P,.
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encoded by the genes FABI and MSS4. These genes play distinct roles in
regulating cellular cytoskeletal dynamics (Desrivieres et al., 1998).

4. PtdIns-3,4,5-P; activates downstream protein kinases, Akt/PKB and PDK-1

In mammalian cells, PtdIns-3,4,5-P; production in response to growth factor
receptor signaling can couple to several different outputs. Two major targets of
PI3K are the serine/threonine protein kinases, Akt/PKB and PDK-1, which
mediate the anti-apoptotic effects of PI3K signaling in mammalian cells (Fig. 3)
(reviewed by Toker and Cantley, 1997; Datta et al., 1999). Both proteins bind to
phospholipids via pleckstrin homology (PH) domains located in the amino
terminus of Akt and in the carboxyl terminus of PDK-1. PH domains can mediate
phospholipid binding as well as protein—protein interactions. Binding to
PtdIns-3,4,5-P; or PtdIns-3,4-P, are requisite steps for activating Akt and PDK-1.
In addition, Akt must be phosphorylated at two sites, corresponding to Thr 308
and Ser 473 in the human protein. PDK-1 phosphorylates Thr 308, while the
enzyme that carries out the second Akt phosphorylation remains elusive.

A number of Akt/PKB substrates have been identified, notably the forkhead
transcription factors related to the C. elegans protein, DAF-16. Akt/PKB can
phosphorylate and inhibit three mammalian FoxA family members, FKHR,
FKHR-LI1 and AFX, as well as DAF-16 (Brunet et al., 1999; Kops et al., 1999;
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Fig. 3. Components of insulin/insulin-like signaling pathways conserved through evolution. The
components of insulin and insulin-like signaling pathways are conserved between humans and
invertebrates, including C. elegans and Drosophila. Glucose sensing in yeast also utilizes a signaling
cascade with some similarities to metazoan insulin-like pathways.
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Nakae et al., 1999; Takaishi et al., 1999; Cahill et al., 2001; Lee et al., 2001;
Lin et al., 2001). 14-3-3 proteins can bind phosphorylated DAF-16, causing
cytoplasmic retention and effectively sequestering DAF-16 from its target genes in
the nucleus (Cahill et al., 2001). In addition to regulating nuclear entry of these
forkhead proteins, Akt can promote cell survival by inhibiting pro-apoptotic
factors, such as BAD, and can mediate metabolic outputs by regulating glycogen
synthase kinase 3 (GSK-3) activity (Datta et al., 1999).

5. AGE-1/PI3K controls C. elegans longevity

In C. elegans, mutations in the gene, age-1, result in constitutive developmental
arrest as dauer larvae (Vowels and Thomas, 1992; Gottlieb and Ruvkun, 1994;
Dorman et al., 1995; Malone et al., 1996). Under normal conditions, C. elegans
larvae proceed through four larval stages, L1-L4, before molting into reproductive
adults. When food becomes limiting, or population density increases, animals
enter a diapaused state and arrest development as dauer larvae, a long-lived, stress
resistant larval form that replaces the L3 larval stage (Riddle et al., 1997). Dauer
larvae can survive for several months without food, significantly longer than the
two-week lifespan of reproductive adults. When environmental conditions
improve, dauer larvae re-enter the reproductive life cycle by molting into L4
larvae. Lifespan is reset after dauer recovery, so that the adult lifespan of
recovered dauer larvae is the same as for animals that had never entered the dauer
stage. While constitutive dauer arrest results from severe mutations in age-1, less
severe mutations cause a 2- to 3-fold extension of adult lifespan (Friedman and
Johnson, 1988; Johnson, 1990).

The protein encoded by the age-I locus is homologous to the mammalian
class 1o PI3K pl10 catalytic subunits and is the only pl110-like protein in the C.
elegans genome (Morris et al., 1996). The predicted AGE-1 catalytic domain is
37% identical to the catalytic domains of other mammalian p110 PI3K subunits
(Fig. 1). This high level of conservation indicates that protein function has been
conserved. Nevertheless, the direct demonstration of lipid kinase activity in
AGE-1 would validate the bioinformatic predictions.

AGE-1 is also homologous to the mammalian enzymes in the amino-terminal
intersubunit interaction domain (Morris et al., 1996). The C. elegans genome
contains one homolog of the p55-family of class 14, PI3K adaptor subunits. This
gene has been designated aap-I, and functions genetically in the dauer arrest
pathway with age-I (Wolkow et al., 2002). Sequence homology between
mammalian p110 and AGE-1 in the p110 ras-interaction domain suggests AGE-1
may also be activated by ras binding (Morris et al., 1996). However, this
expectation remains to be confirmed, as a ras pathway input into AGE-1/PI3K
signaling has not yet been identified.

AGE-1 and AAP-1 act in an insulin-like signaling pathway (Fig. 3). While
PI3K signaling carries out diverse functions in mammalian cells, AGE-1/PI3K
signaling in C. elegans appears to function solely as an effector for insulin-like
signaling. In support of this conclusion, C. elegans mutants lacking AGE-1/PI3K
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activity phenocopy animals with mutations in other components of the insulin-like
signaling pathway (see below). The daf-2 gene encodes a protein highly related to
the mammalian insulin and IGF-I receptors (Kimura et al., 1997). Mutations
inactivating the DAF-2/insulin receptor-like protein cause constitutive arrest
at the dauer larval stage and extend adult (Vowels and Thomas, 1992; Kenyon
et al., 1993; Gottlieb and Ruvkun, 1994; Dorman et al., 1995). (In order to
measure adult lifespan of daf-2 mutants, animals are raised at the permissive
temperature of 15°C through larval development, then shifted to nonpermissive
temperature (25°C) as adults.) The phenotypic similarities between animals lacking
AGE-1/PI3K and DAF-2/insulin receptor activity supports their grouping as
components of the same pathway.

6. AKT-1, AKT-2, and PDK-1 are targets of AGE-1 signaling

Genetic screens for mutations that suppress the dauer arrest phenotype of age-1/
and daf-2 mutants identified downstream players in the DAF-2/AGE-1 signaling
pathway. Dominant, gain-of-function alleles of akt-1 and pdk-1, encoding
C. elegans homologs of mammalian Akt/PKB and PDK-1, respectively, suppress
dauer arrest of age-1 mutants (Figs. 3 and 4) (Paradis and Ruvkun, 1998; Paradis
et al., 1999). In genetics parlance, dominant mutations are those which confer the
mutant phenotype in the heterozygous state, in contrast to recessive mutations
which are only visible phenotypically when homozygous. In most cases, dominant
mutations confer a gain-of-function, or neomorphic, activity to the protein
encoded by the mutant gene. Thus, the mutant protein has increased or “‘gain-of-
function” activity that is visible in the heterozygous background.

The akt-1(mgl44) allele causes threonine to be substituted for alanine (183) and
this substitution activates AKT-1 signaling sufficiently to suppress dauer arrest in
animals lacking AGE-1/PI3K activity (Fig. 4) (Paradis and Ruvkun, 1998). The
akt-1(mg144) mutation lies in an unconserved region of the linker between the
PH and catalytic domains of AKT-1. The mechanism by which the Alal83Thr
substitution activates AKT-1 is not fully understood. It is possible that
phospholipid specificity is relaxed in the mutant protein, or that the mutation
relieves an inhibitory interaction. Further analysis showed that increased akt-1
gene dosage can also bypass the requirement for AGE-1/PI3K activity during
development (Paradis and Ruvkun, 1998). The AKT-1 kinase activity is required
for this effect, as a kinase-dead mutation abrogates the suppression. Interestingly,
this finding may point to another source of the activating lipids, PtdIns-3,4,5-P3
or PtdIns-3,4-P,, that is redundant to AGE-1/PI3K.

Akt/PKB activation requires both binding to phospholipids and phosphoryla-
tion on two sites, corresponding to Thr 308 and Ser 473 in the human Akt
protein. Thr308 phosphorylation is mediated by PDK-1, corresponding to the
C. elegans gene, pdk-1. Mutations that inactivate C. elegans PDK-1 cause dauer
arrest and extend adult lifespan, the expected outcome of mutations that inactivate
signaling through the DAF-2/AGE-1 pathway (Paradis et al., 1999). Furthermore,
substituting a valine for ala303 in PDK-1 dominantly activates PDK-1 signaling,
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and suppresses dauer arrest in animals lacking AGE-1/PI3K (Fig. 4) (Paradis
et al., 1999). Thus, signaling downstream of PI3K is conserved between C. elegans
and mammals, and relies on the phospholipid-activated serine/threonine kinases,
AKT/PKB and PDK-1.

7. Signaling downstream of AGE-1/PI3K converges on DAF-16

The ultimate output of AGE-1/PI(3)K signaling is the forkhead trans-
cription factor, DAF-16. Mutations in daf-16 suppress all phenotypes of daf-2/
InR and age-1/PI3K mutants (Figs. 3 and 4). Recall that animals lacking AGE-1/
PI3K signaling constitutively arrest development as dauer larvae and live longer
than wild-type. In this background, the additional loss of DAF-16 activity
suppresses these phenotypes, allowing development to proceed normally and
restoring shorter wild-type lifespan (Fig. 4) (Kenyon et al., 1993; Gottlieb and
Ruvkun, 1994; Dorman et al., 1995; Larsen et al., 1995). Signaling through the
AGE-1/PI3K pathway represses DAF-16 activity by AKT-1 and AKT-2-mediated
phosphorylation of DAF-16. The DAF-16 forkhead transcription factor contains
four sequences that fit the Akt phosphorylation consensus sequence (Lin et al.,
1997; Ogg et al., 1997; Paradis and Ruvkun, 1998). In addition, AKT has been
shown to phosphorylate DAF-16 in vitro and mutation of the Akt consensus sites
alters DAF-16 activity in vivo (Cahill et al., 2001; Lee et al., 2001; Lin et al.,
2001). As mentioned earlier, phosphorylation of DAF-16 and the mammalian
orthologs by Akt results in cytoplasmic retention of the DAF-16-like proteins,
sequestering the transcription factors away from target gene promoters in the
nucleus. In the absence of AGE-1/PI3K signaling, AKT-1 and AKT-2 are
inactive; DAF-16 is consequently not phosphorylated, is derepressed, and can
activate the expression of target genes promoting dauer arrest and adult longevity
(Paradis and Ruvkun, 1998).

Recent efforts have focused on identifying DAF-16 target genes. It has been
known for some time that long-lived age-I mutants have high levels of catalase and
SOD activity (Larsen, 1993). The C. elegans genome contains two genes encoding
Mn-SOD enzymes, sod-2 and sod-3. The expression of sod-3 is DAF-16-dependent:
sod-3 mRNA levels are high in long-lived daf-2 mutants and dauer larvae, and low
in daf-2; daf-16 mutants and in wild-type non-dauer animals (Honda and Honda,
1999). The sod-3 promoter contains one sequence matching the DAF-16 consensus
binding site (TTGTTTAC), suggesting that sod-3 is indeed a DAF-16 target
(Honda and Honda, 1999; Furuyama et al., 2000).

Additional genes whose expression is daf-16-dependent were identified using
differential display PCR (Yu and Larsen, 2001). The genes identified in this study,
designated dao-1 through dao-8, were either up- or down-regulated in daf-2
mutants as compared to wild-type. dao-1, -2, -3, -4, -8, and -9 were down-
regulated in daf-2 mutant adults as compared to wild-type or daf-2; daf-16 double
mutants. dao-5, -6, and -7 were expressed at higher levels in daf-2 adults than in
controls, and therefore constitute potential longevity- or dauer-promoting genes.
The expression of dao-5 and dao-6 was also upregulated in wild-type and dauer
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larvae. For the most part, the identity of the dao genes does not provide many
clues about their function or their relevance to longevity. dao-5 encodes a protein
with homology to xNoppl80, involved in transcription and translational control.
dao-6 encodes a novel protein and dao-7 encodes a putative zinc-finger
transcription factor. Perhaps additional insight into the functions of these genes
can be gathered by identifying downstream targets of DAO-7.

8. AGE-1/PI3K acts in neurons to control lifespan

How does AGE-1/PI3K signaling control C. elegans lifespan? Long-lived age-1
mutants have additional phenotypes that may provide clues into the basis of this
phenotype. Long-lived age-I mutants have enhanced resistance to several stresses,
including thermal, free radical, and UV stress (Larsen, 1993; Lithgow et al., 1995,
Murakami and Johnson, 1996). All of these phenotypes require that DAF-16 be
active. Therefore, wild-type DAF-16 activity is required for stress resistance and
increased longevity in age-/ mutants (Figs. 3 and 4). A reasonable model is that
DAF-16 directs the expression of target genes, such as sod-3, which confer stress
resistance and increased longevity. Increasing stress resistance has been shown to
be a successful strategy for increasing C. elegans lifespan. For example, longevity
is increased by feeding animals catalase and SOD mimetics (Melov et al., 2000).

AGE-1/PI3K signaling must occur in neurons to control lifespan. Transgenic
animals were constructed in which AGE-1/PI3K signaling was restored to specific
cell types, either neurons, muscle or gut, in an otherwise age-/ mutant
background. The cell types where AGE-1/PI3K signaling controlled lifespan were
identified by examining the lifespan of the transgenic animals with cell-type
restricted AGE-1/PI3K signaling. The long lifespan of age-/ mutants was only
rescued when AGE-1/PI3K signaling was restored to neurons, but not to muscle
or intestinal cells (Fig. 5) (Wolkow et al., 2000). Similar results were obtained
when the experiment was repeated using daf-2 mutants with cell-type restricted
DAF-2 expression. Thus, AGE-1/PI3K signaling in neuronal cells has a special
function for lifespan control. Results from an earlier daf-2 mosaic analysis were
consistent with these findings, showing that the animals are long-lived when daf-2
activity was lost during development from the AB lineage, which contains cells
that give rise to neurons (Fig. 5) (Apfeld and Kenyon, 1998). The AB lineage can
be divided into two sub-lineages, the ABa and ABp lineages. When daf-2 activity
was lost from either the ABa or ABp lineages, lifespan was not extended as when
daf-2 activity was lost from the entire AB lineage. This suggests that cells from
both parts of the AB lineage control longevity.

Exactly how neuronal AGE-1/PI3K signaling controls lifespan is not
understood. One hypothesis is that, in neurons lacking AGE-1/PI3K signaling,
derepressed DAF-16 activates expression of target genes that increase neuronal
stress resistance, such as sod-3. However, the mechanism by which increased
neuronal resistance to stress translates into an effect on longevity is unknown. Is
longevity controlled by a specific set of lifespan-control neurons, or can any
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neuron have an effect on lifespan? Current work is focused on answering this
question.

9. Upstream pathways that control lifespan via AGE-1 signaling

A number of genes and pathways have been described to extend C. elegans
lifespan. In many cases, lifespan extension in these experiments depends on the
presence of wild-type daf-16 activity. This observation suggests that these
pathways ultimately feed into daf-16 activity, probably via daf-2 and age-1
activity. Genetic analysis of these interactions may reveal new inputs into insulin-
like pathways.

In C. elegans, the germline sends a lifespan-shortening signal. Wild-type animals
lacking a functional germline display a 60% increased lifespan compared to wild-
type (Hsin and Kenyon, 1999; Arantes-Oliveira et al., 2002). Animals lacking
a germline can be produced by either laser ablating both germline precursor cells
(the Z2 and Z3 cells) early in larval development, or by mutations blocking early
steps in germline proliferation. In daf-16 mutants, germline ablation fails to confer
extended longevity, showing that the negative influence on lifespan requires daf-16
activity. Interestingly, longevity of animals lacking germline is enhanced synergis-
tically by disrupting DAF-2/InR signaling. The synergy between defective
DAF-2/InR signaling and germline ablation suggests that these pathways extend
lifespan by distinct mechanisms. If they worked through the same mechanism,
then longevity signals from the germline would not further extend lifespan in
animals lacking DAF-2/InR signaling. This evidence suggests that signals from the
germline regulate longevity via daf-16, but independently of daf-2.

Environmental cues also contribute signals regulating C. elegans lifespan. The
sensory neurons that detect environmental cues must function properly for
wild-type lifespan. Mutations disrupting the function of these cells extend lifespan
(Apfeld and Kenyon, 1999). As observed with germline signals, longevity cues
from the environment may regulate DAF-16/forkhead activity independently from
the DAF-2/InR. Clearly the identification and characterization of DAF-2/InR-
independent inputs into DAF-16 activity is important. Do these pathways operate
via AGE-1/PI3K signaling, or converge upon DAF-16 through an AGE-1-
independent pathway? In addition to revealing new mechanisms for lifespan
control, the answers to these questions and others will identify new inputs into
PI3K signaling.

10. PI3K signaling in Drosophila melanogaster

Cell growth in the fruitfly, Drosophila melanogaster, is controlled by PI3K
signaling. The PI3K p110 catalytic subunit, Dp110, acts with a p55-like adaptor
subunit, p60, to transduce signals from the Drosophila insulin receptor-like
protein, InR (Fig. 3) (Fernandez et al., 1995; Leevers et al., 1996; Weinkove et al.,
1997). As with C. elegans, the primary function of PI3K signaling in Drosophila
appears to be as a downstream effector for insulin receptor-like signaling.
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PI3K signaling is essential in Drosophila and promotes cell growth. The first
study revealing this function used a constitutively active version of Dpl110 which
contained a C-terminal CAAX farnyslation site to target Dp110 to the membrane
(Leevers et al., 1996). Transgenic animals overexpressing Dpl110-CAAX displayed
consistent increases in cell size in the wing and eye. In fact, overexpression of
wild-type Dpl10 also resulted in increased size in these tissues. In contrast, cell
number and size was reduced by the expression of a dominant negative Dpl10
mutant.

Null mutations in Dp110 and p60 cause developmental arrest at the third larval
stage (Weinkove et al., 1999). In somatic mosaics, clones of Dpll0(—/—) or
p60(—/—) cells contain smaller and fewer cells than the neighboring cells
containing wild-type PI(3)K signaling (Fig. 6) (Britton et al., 2002). Interestingly,
the severity of the phenotypes resulting from loss of Dpl110 function was greater
than for loss of p60 function, suggesting that alternative, p60-independent
pathways for Dpl110 activation exist within the cell.

As mentioned above, PI3K is the major transducer of insulin-like signaling in
Drosophila. The Drosophila insulin-like receptor, InR, is essential for growth and
development. Some non-null /#R mutations result in dwarf adults with growth
deficits (Tatar et al., 2001). The same is observed in flies with mutations in chico,
the gene encoding an insulin-receptor substrate (IRS) homolog (Bohni et al., 1999;
Poltilove et al., 2000). In Drosophila and mammals, insulin receptor activation is
transduced to PI3K via the IRS-family of linker proteins. IRS (insulin receptor
substrate) proteins contain an amino-terminal PTB-domain for binding specific
phosphotyrosines on the activated insulin receptor. Tyrosines in the IRS
carboxyl-terminus are substrates for the insulin receptor tyrosine kinase, and,
when phosphorylated, provide docking sites for downstream effectors, including
PI(3)K. As mentioned earlier, phosphotyrosines within a YXXM motif are the
preferred binding sites for the amino-terminal SH2 domain of the PI(3)K adaptor
subunits and are the primary targeting mechanisms for recruiting PI(3)K to
activated growth factor receptors. The C. elegans genome contains an open
reading frame with predicted homology to mammalian IRS proteins, encoded by
the locus C54D1.3, indicating that AGE-1 and AAP-1 may be recruited to DAF-2

Normal sized wild-type cells

Smaller cells due to lack of PI3K signaling

Fig. 6. PI3K signaling controls cell growth in Drosophila. As shown in Britton et al. (2002) using the
Gal4/UAS system to inhibit PI3K signaling, cell growth depends on PI3K signaling pathways downstream
of the InR/insulin receptor-like protein.
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via conserved interactions with the protein encoded by this locus (Wolkow et al.,
2002).

11. Control of Drosophila lifespan by insulin-like signaling

Insulin signaling is essential for growth and development in Drosophila.
However, some genetic perturbations which only weaken insulin-like signaling,
and therefore do not cause severe growth defects, can extend adult lifespan
(Clancy et al., 2001; Tatar et al., 2001). Adult lifespan in mutants with a
combination of two InR loss-of-function alleles, InR""’/InR"% . is extended in
female flies from 32 days to 60 days and, in male flies less significantly, from
36 to 39 days (Tatar et al., 2001). All other identified /nR mutations shorten
lifespan, suggesting that lifespan may be especially sensitive to the levels or
locations of InR activity. Mutations in other components of the fly’s insulin-like
signaling pathway can also increase lifespan. Homozygous chico’ mutant female
flies live up to 48% longer than wild-type (Clancy et al., 2001). Again, the levels
of insulin-like signaling may be an important consideration, as lifespan was
reduced compared to wild-type in homozygous chico’ males.

InR and chico may affect lifespan by controlling hormones that regulate
entry into diapause. Levels of juvenile hormone (JH), which controls entry into
diapause, were reduced in long-lived InR®"’/mR’>%* mutant flies (Tatar
et al., 2001). Treatment with methoprene, a JH analog, rescued the long lifespan
phenotype of these flies. However, JH levels were also reduced in InR®"’
homozygous mutants, which have slightly shorter lifespan than wild-type. Thus,
control of longevity by insulin-like signaling in Drosophila is not a straightforward
process and these observations could indicate that relative activity levels or
cell-type specificity may contribute to the mutant phenotypes observed.

In C. elegans, longevity extension as a result of defects in DAF-2/insulin-like
signaling are clearly correlated with increased stress resistance (Larsen, 1993;
Lithgow et al., 1995; Murakami and Johnson, 1996; Honda and Honda, 1999;
Taub et al, 1999). Do long-lived InR“"’/InR"* mutant flies also display
enhanced stress resistance? Levels of Cu/Zn SOD activity in long-lived mR*"?/
InR?>* and chico’ mutants is twice that of wild-type animals, suggesting that
these genetic mutations confer a state of increased stress resistance and longevity,
as observed in C. elegans (Clancy et al., 2001; Tatar et al., 2001). It has been
shown that Drosophila longevity can be extended by increased stress resistance
(Parkes et al., 1998; Sun and Tower, 1999). Whether increased stress resistance is
required for long lifespan in the Drosophila insulin pathway mutants remains to
be determined.

PI3K signaling acts as a sensor of nutritional status in Drosophila (Britton et al.,
2002). A GFP reporter that translocates to the membrane in response to PI3K
signaling was used as a cellular marker for detecting PI3K signaling in vivo.
In these experiments, PI3K activity was found to be decreased in
nutritionally-deprived animals. Decreased PI3K activity resulted in smaller cells,
showing that PI3K signaling couples nutritional status to cell growth. While cell
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growth is controlled autonomously by PI3K signaling, there may be downstream
hormones (such as JH) whose activities are linked to PI3K signaling through cell
growth and other sensors. Additionally, insulin-like signaling in Drosophila may
be coupled to the expression of target genes via a DAF-16-like transcription
factor, although this output has not yet been identified. Further genetic analysis
of Drosophila insulin-like signaling using the recently reported phenotypes should
illuminate the downstream targets of this pathway.

12. An Akt/PKB-like kinase controls lifespan in Saccharomyces cerevisiae

Insulin-like signaling pathways provide multicellular organisms with the means
to couple growth and differentiation to environmental conditions. For example,
when food becomes scarce, C. elegans larvae can enter an alternate developmental
pathway that provides increased stress resistance and decreased nutritional
requirements. Single-cell organisms do not obviously have such complex
developmental decisions. It is therefore interesting that mutations disrupting
glucose sensing in yeast also extend lifespan (Fabrizio et al., 2001). Sch9 encodes
a putative serine/threonine protein kinase that acts in the glucose sensing pathway.
The catalytic domain of Sch9 contains nearly 50% homology to the catalytic
domains of C. elegans AKT-1 and AKT-2 and these enzymes are members of the
same protein kinase family. Mutations disrupting sch9 activity lead to increased
stress resistance and extend lifespan (Fabrizio et al., 2001). Similar phenotypes
were observed in cells with mutations in c¢yrl, which encodes adenylate cyclase
acting in the same pathway. As with the daf-2 pathway in C. elegans, stress
resistance and longevity in sch9 mutants requires downstream transcription
factors. Msn2 and Msn4 are required for long lifespan in Cyrl mutants, and
Rim15, which acts independently from Msn2 and Msn4, is required for longevity
in both cyrl and sch9 mutants. Thus, lifespan in multicellular and unicellular
eukaryotes can be lengthened by perturbations in nutrient sensing signaling
pathways coupled to transcriptional outputs.

13. Pathways antagonizing phosphoinositide signaling

The preceeding sections discussed studies showing that invertebrate lifespan is
extended by mutations disrupting insulin-like signaling pathways. Using genetic
approaches, the proteins known to mediate insulin-like signaling via PI3K have
been shown to be required for the shorter, wild-type lifespan. An important
question following from these discoveries is the role of proteins that antagonize
PI3K signaling.

PTEN is a lipid phosphatase that selectively dephosphorylates the phospholipid
products of PI3K (Maehama and Dixon, 1998). PTEN was identified in
mammalian cells as the product of a tumor suppressor gene, also referred to as
MMACI and TEPI, associated with rapid growth of tumors and tumor-derived
cell lines (Li and Sun, 1997; Li et al., 1997; Liaw et al., 1997; Steck et al., 1997).
In C. elegans, the gene daf-18 encodes a homolog of mammalian PTEN (Ogg
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and Ruvkun, 1998; Gil et al., 1999; Mihaylova et al., 1999; Rouault et al., 1999).
Mutations disrupting DAF-18 activity bypass the requirement for AGE-1/PI3K
during development and allow AGE-1 mutants to continue development without
arresting as dauer larvae (Fig. 4). As expected, DAF-18 is also required for long
lifespan in mutants lacking AGE-1/PI3K (Dorman et al., 1995; Larsen et al.,
1995). In a wild-type background, loss of DAF-18 function blocks dauer arrest
in the absence of food and is correlated with an incompletely penetrant vulval
bursting phenotype (Gil et al., 1999; Ogg and Ruvkun, 1998).

As mentioned above, the loss of DAF-18/PTEN activity bypasses the
requirement for normal AGE-1/PI3K signaling. Therefore, in wild-type animals,
DAF-18 acts to antagonize activation of AKT-1 and AKT-2 by phospholipids.
Consistent with this, AKT-1 and AKT-2 are required for non-dauer development
of animals lacking DAF-18/PTEN (Ogg and Ruvkun, 1998). These results predict
that, in animals without AGE-1/PI3K activity, DAF-18/PTEN blocks the
activation of AKT-1 and AKT-2 by other sources of phospholipids within the cell.
In wild-type cells, DAF-18 may insulate the targets of PI3K from activation
by phospholipids in the cellular milieu.

14. Final thoughts: outputs of PI3K signaling in vertebrates

The findings discussed above show that PI3K signaling is required for cell
growth and developmental decisions in invertebrates. Mutations disrupting PI3K
signaling and other components of insulin-like signaling pathways cause the
striking phenotype of increased lifespan. In C. elegans, the absence of PI3K
signaling allows active DAF-16 to promote increased expression of stress
resistance genes, which may confer increased longevity. In mammalian cells,
however, the absence of PI3K signaling triggers the initiation of programmed cell
death via DAF-16-like transcription factors (Datta et al., 1999). Did the outputs
of PI3K signaling change so dramatically during mammalian evolution? Are there
situations in which PI3K signaling controls vertebrate lifespan pathways as well?

Recent findings suggest that there may be more to learn about the relationship
between PI3K signaling and vertebrate longevity. As with invertebrates, PI3K
signaling is a major effector for mammalian insulin and IGF-I receptor signaling.
Growth hormone (GH) secreted by the pituitary regulates IGF-I secretion.
Interestingly, lifespan is extended in dwarf mice that have mutations in the genes
directing pituitary development (Brown-Borg et al., 1996; Flurkey et al., 2001).
Preliminary evidence that GH receptor knockout mice have extended longevity
suggests that the absence of GH in the dwarf mice accounts for extended life-
span (Coschigano et al., 2000). Future experiments investigating the link between
GH and IGF-I signaling and vertebrate longevity will help illuminate pathways
controlling mammalian longevity. However, regardless of whether a link exists
between PI3K signaling and vertebrate longevity, our understanding of longevity
control mechanisms has been dramatically improved from studies of invertebrate
longevity and PI3K signaling.
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1. Introduction

As each of us age, our prospects for developing diseases such as cancer, diabetes,
and arthritis increase. In many ways it is a no win situation where either
important cells that comprise the body ultimately succumb to debilitative
processes (e.g. osteoporosis, atherosclerosis) or conversely, some cells develop
aberrant growth properties resulting in cancer. Either situation can result in death
for the organism. For instance, the aging process itself appears to contribute to
degeneration of heart tissue. Even in the absence of pathologies that target heart
tissue (e.g. hypertension, diabetes, atherosclerosis), the total number of cardiac
myocytes that are found in the heart are reduced with age (Olivetti et al., 1991,
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1995; Phaneuf and Leeuwenburgh, 2002). On the other hand the incidence of
cancer increases with age and thus the development of cancer is dependent on age
(Balducci and Beghe, 2001; Sekeres and Stone, 2002). The influence of age on the
onset of cancer is most dramatic in patients with Fanconi anemia (Alter, 1996;
Fagerlie et al., 2001; Grompe and D’Andrea, 2001). While the onset of leukemia
occurs on average at 40 years in the general population, Fanconi anemia patients
develop leukemia in their late teens and early 20s (Alter, 1996).

A common goal in biomedical research is to prolong life. To achieve this goal,
we will need to understand the cellular processes that regulate normal cellular
homeostasis and the mechanisms that are responsible for abnormal cell growth
and those responsible for cell death. Interestingly, there is often cross talk between
the signal transduction pathways that regulate cell growth and those pathways
that regulate cell death. An interesting example of such a cellular regulatory
process involves ceramide, a naturally occurring sphingolipid, which is a key
biomolecule in the sphingomyelin cycle (Hannun, 1994). Metabolic pathways
leading to ceramide formation are depicted in Fig. 1. During normal cell growth,
ceramide and phosphatidylcholine are converted to sphingomyelin, an important
component in the membranes that make up cells (Hannun, 1994). A byproduct of
this reaction is diglyceride, a potent growth and survival agonist by virtue of its

sphingomyelin

N-SMase

A-SMase
B-SMase

sphingosine  w==———1> ceramide

Cer
synthase
CYTOTOXIC
SIGNALING
Fig. 1. Metabolic pathways governing the formation of ceramide. Multiple metabolic provisions exist for

the formation of ceramide. Ceramide can be produced rapidly from the hydrolysis of sphingomyelin by the
actions of acidic (A-SMase), basic (B-SMase), and neutral (N-SMase) isoforms of sphingomyelinase
present in different subcellular membrane structures. In addition, ceramide can arise through de novo
synthesis from fatty acyl CoA and a free sphingoid base by ceramide synthase. Both general types of
metabolic pathway have been implicated in the generation of ceramide to initiate a pro-apoptotic signal.
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ability to promote cPKC/nPKC-driven signaling pathways (Nishizuka, 1992; May,
1997; McCubrey et al., 2000). Like diglyceride, ceramide is an important second
messenger molecule, except that ceramide-mediated signaling usually involves
stress pathways (Hannun, 1996; Jarvis et al., 1996b; Smyth et al., 1997; Basu and
Kolesnick, 1998; Kolesnick and Kronke, 1998; Hannun and Luberto, 2000). In
addition, ceramide is a potent promoter of programmed cell death (a process
also known as apoptosis; Kerr et al.,, 1972). Because at least one enzyme
(sphingomyelin synthase) appears to regulate diglyceride and ceramide simulta-
neously but in opposite directions, it is possible that diglyceride and ceramide
have counterbalancing effects on cell growth and cell death (Luberto and Hannun,
1998). In support of a model where diglyceride and ceramide have counter-
balancing effects, diglyceride can attenuate the effects of ceramide (Jarvis et al.,
1994a,b) and ceramide can antagonize diglyceride by inhibiting cPKCw (Chmura
et al., 1996; Lee et al., 1996; Lee et al., 2000). An elegant homeostatic regulatory
system is emerging with diglyceride as a pro-growth regulator and ceramide as a
negative growth regulator. Since each effector is able to transmodulate the
signaling pathways regulated by the other, it is possible that net availability of
diglyceride versus ceramide may create a sort of cellular rheostat (Jarvis et al.,
1994b; Hannun, 1996; Luberto and Hannun, 1998). It is possible that the
dominant second signal molecule produced during growth (i.e. diglyceride) or
stress (i.e. ceramide) conditions could promote signal pathways that determine
post-translational modification of potential “‘survival sensor” molecules as has
been have recently proposed for the potent regulator of apoptosis, BCL2 (Ruvolo
et al., 2001a). Interestingly, it has been recently found that cardiac myocytes
exhibit reduced levels of BCL2 with age and thus may contribute to loss of
cardiac myocytes in the aging rat (Phaneuf et al., 2002). It will be interesting to
determine the role for ceramide in regulating BCL2 anti-apoptotic potential in
cardiac myocytes during aging.

2. Ceramide as a second signal molecule

Acute generation of ceramide has been noted so widely in response to lethal
cellular stress that it is considered to represent a nearly universal feature of the
apoptotic process (Hannun, 1994). In addition, it is now clear that ceramide-
driven signals can impinge upon numerous aspects of cell survival ranging from
restriction of cell cycle transit to the induction of differentiation, senescence, and
apoptotic cell death. The versatility of ceramide action involves the complex
modulation of both proximal and distal signaling elements. The complexities of
ceramide metabolism have been reviewed in detail previously (Ariga et al., 1998;
Merrill et al., 1998). This section provides a brief overview of known ceramide-
regulated kinases and phosphatases, and outlines the apparent roles of their
downstream effectors in mediating distinct biological features of ceramide action
in mammalian systems. Some of the signaling pathways that are regulated by
ceramide are depicted in Fig. 2.
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Fig. 2. Overview of ceramide-driven SAPK-JNK cascade activity. Increased intracellular availability of
ceramide can engage stress signaling cascades through direct interaction with multiple proximal targets,
most notably the ceramide-activated protein kinases (CAPKs) and ceramide-activated protein
phosphatases (CAPPs). Among the CAPKs directly implicated in ceramide-driven apoptosis are KSR
and aPKC¢ These elements, in turn, activate the SAPK sequence MEKK1 MKK4 JNKI1/JNK2 (the
terminal kinases, JNK1 and 2, appear to require autophosphorylation for maximal activity). JNKs render
the transcription factor cJun fully active through phosphorylation and thereby augment AP1-dependent
transactivation, a process that is further amplified by increased cJun expression. JNKs additionally
influence an array of metabolic targets that lead to apoptotic commitment. Recruitment of the SAPK-
JNK cascade may be facilitated by ceramide action in other ways. For example, ceramide enhances the
activity of the guanine nucleotide exchange factor vav, which can accelerate activation of small GTP-
binding proteins (e.g. rac, ras), potentially resulting in more efficient activation of apical kinases such as
MEKKI1. Moreover, ceramide influences a number of other signals through the activation of CAPPs (both
PP2A and PP1); dephosphorylation of key targets by these enzymes can silence the influence of essential
downstream survival elements ranging from MAPK-ERK to PKB-Akt. Thus, this signaling cascade
allows for the coordinated activation of pro-apoptotic mechanisms and inactivation of anti-apoptotic
mechanisms.
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2.1. Ceramide-activated protein kinases

The probable existence of one or more protein kinases subject to the direct
influence of ceramide was suggested based upon the obvious signaling potential
associated with the sphingomyelin pathway (Kolesnick and Golde, 1994). Several
distinct protein kinases subject to selective regulation by ceramide are now known.

Kinase suppressor pf Ras (KSR-CAPK) The best characterized of the ceramide-
driven enzymes is a 97-kDa membranal, proline-directed, serine/threonine kinase
originally named ceramide-activated protein kinase (CAPK, Joseph et al., 1993;
Liu et al., 1994; Mathias et al., 1993). CAPK differs from other members of the
proline-directed kinase family in its selective recognition of X-Thr-Leu-Pro-X as a
minimal substrate peptide sequence (Joseph et al., 1993). Further molecular
characterization of this activity revealed that CAPK is identical with a previously
known 100-kDa membrane protein referred to as the kinase suppressor of ras
(KSR) (Zhang et al., 1997).

Current information concerning KSR-CAPK signaling and its downstream
effectors supports the view that suggests that ceramide signals directly to
KSR-CAPK, which in turn results in sequential recruitment of cRafl (see further)
and the MAPK-ERK cascade in response to cellular stress (Zhang et al., 1997).
Thus, the KSR-CAPK — ras/Raf — MAPK-ERK sequence represents at least one
pathway through which ceramide can initiate a primary intracellular signaling
cascade. At present, there is poor concensus as to the targets(s) for MAPK-ERK
outflow in response to KSR activation. Nonetheless, this pathway may function,
under some circumstances, through downstream suppression of PKB-Akt activity
(Basu et al., 1998); attendant loss of the cytoprotective influence of PKB-Akt
ultimately permits dephosphorylation-mediated stimulation of the pro-apoptotic
BCL2 family member BAD, a transdominant inhibitory regulator of BCL2. Once
relieved of inhibitory phosphorylation, BAD is released from sequestration on
14-3-3 proteins and thereby facilitates apoptotic commitment through blockade of
BCL2-dependent cytoprotectivity.

cRafl There is also evidence that the well-established serine-threonine protein
kinase cRafl may be subject to modulation by ceramide. To wit, ceramide has
been reported to interact directly with and stimulate the activity of cRafl (Huwiler
et al., 1996); upon association of cRafl with GTP-ras and subsequent transloca-
tion to the plasma membrane, cRafl can initiate sequential activation of MEK1/
MEK?2 and ERKI1/ERK2, enzymatic elements comprising the primary MAPK
module. Consistent with these observations, ceramide can promote, under some
circumstances, transient activation of ERK1 (Raines et al., 1993) and multiple
downstream of MAPK targets, including phospholipase-A, (PLA,), which
reportedly is required for ceramide-dependent apoptotic, and/or inflammatory
responses in some settings (Hayakawa et al., 1993). Thus, apart from serving an
essential signaling role in normal inflammatory responses, presently it is not clear
whether the pathway linking KSR/CAPK to activation of the MAPK cascade
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(and some downstream elements) also contributes to the induction of apoptosis
(Lin et al., 2000).

In this regard, it is noteworthy that ceramide has been reported to stimulate
the activity of the guanine nucleotide-exchange factor (GEF) vav, a close homolog
of the established GEF sos that is selectively expressed in hematopoietic cells
(Gulbins et al., 1994). The functional significance of ceramide-mediated activation
of vav is presently uncertain; nonetheless, given the generalized role of GEFs in
the activation of various small GTP-binding proteins (e.g., ras, rac), it is tempting
to speculate that ceramide may participate in the recruitment of various MAP3Ks
such as cRafl (or MEKKI1) through one or more small G-proteins augmented
GDP/GTP exchange.

The atypical protein kinase C isoform-¢ (aPKC¢) There is abundant evidence to
suggest that ceramide can modulate multiple isoforms of PKC. For example,
ceramide directly interacts with and stimulates the atypical PKC ¢-isoform
(aPKC¢) (Lozano et al., 1994; Muller et al., 1995) as well as cPKCa. Although
ectopic expression of aPKC¢ reportedly promotes apoptotic cell death in some
settings, it remains to be determined whether this represents a physiological
effector for ceramide cytotoxicity.

2.2. Ceramide-activated protein phosphatases

Functionally distinct (i.e., non-phosphoryltransferase) targets for ceramide have
also been identified. Ceramide prominently stimulates a heterotrimeric cytosolic
serine—threonine phosphoprotein phosphatase (designated class-2A; ceramide-
activated protein phosphatase; CAPP; Dobrowsky and Hannun, 1992; Dobrowsky
et al., 1993). As ceramide-related apoptosis is reportedly antagonized by okadaic
acid (but not norokadaone) as well as by other inhibitors selective for class-2A
phosphatases (Huwiler et al., 1996), a cytotoxic role for CAPP in ceramide action
has been inferred (Bielawska et al., 1993). Furthermore, ceramide promotes
dephosphorylation of cPKCe in an okadaic acid-sensitive/nor-okadaone-insensitive
manner, resulting in the loss of phosphorylation on autophosphorylation sites and
consequent inactivation of the enzyme (Lee et al., 1996); because multiple isoforms
of cPKC/nPKC lic upstream of Raf-1 in various settings and CAPP-mediated
PKC and inactivates MAPK. Ceramide is a potent activator of both PP2A
(Dobrowsky and Hannun, 1992; Dobrowsky et al., 1993; Ruvolo et al., 1999) and
PP1 (Chalfant et al., 1999). The mechanism of ceramide activation of these protein
phosphatases is not yet clear. It is known, however, that protein phosphatases
play a critical role in ceramide-mediated processes. cPKCa (Lee et al., 1996; Lee
et al., 1998) and PKB-Akt (Salinas et al., 2000; Schubert et al., 2000) are
inactivated by PP2A in response to ceramide. Ceramide-mediated inactivation of
Akt may play a role in diabetes (Teruel et al., 2001). Teruel et al. (2001) have
found that ceramide blocks insulin-stimulated glucose uptake in brown adipocyte
cells in an Akt-dependent manner. Moreover, PP2A is implicated in this process,
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in view of evidence that okadaic acid blocks insulin induces dephosphorylation of
Akt (Teruel et al., 2001).

Ceramide-mediated activation of PP2A can also directly target cPKCa and
Akt substrates, thus allowing for multiple levels of regulation of various stress
pathways. For instance, ceramide promotes PP2A dephosphorylation of BCL2
resulting in the loss of BCL2’s anti-apoptotic function (Ruvolo et al., 1999).
Given that expression of S70E BCL2, a non-phosphorylatable, activated form
of BCL2, can protect cells from ceramide-induced apoptosis, one likely
mechanism by which ceramide induces cell death is by functionally inactivating
BCL2 (Ruvolo et al., 1999). One of the physiologic BCL2 kinases is ¢cPKCa
(Ruvolo et al., 1998). Since PP2A inactivates cPKCa (Lee et al., 1996; Lee et al.,
1998), ceramide-mediated activation of PP2A can suppress BCL2’s anti-apoptotic
function indirectly by targeting the BCL2 kinase (Ruvolo, 2001) and/or directly
by targeting BCL2 itself (Deng et al., 1998; Ruvolo et al., 1999). Furthermore,
PP2A has recently been shown to directly dephosphorylate BAD (Chiang et al.,
2001). At least for some members of the BCL2 family, ceramide activation of
PP2A promotes anti-survival signaling by targeting BCL2 family members
directly while inactivating their physiologic protein kinases (Ruvolo et al., 1999;
Ruvolo, 2001).

Ceramide activation of PP1 has not been as well-studied as PP2A. Ceramide has
been shown to promote dephosphorylation of pRb in association with growth
arrest (Dbaibo et al., 1995). Phosphatidic acid (PtdOH) has been shown to inhibit
PP1 but not PP2A (Kishikawa et al., 1999). PtdOH was demonstrated to block
ceramide-induced dephosphorylation of pRb and PARP cleavage, thus implicating
PP1 in both cell cycle arrest and apoptotic processes, respectively (Kishikawa et al.,
1999). A novel apoptosis regulatory pathway has emerged suggesting that ceramide
may regulate mRNA alternative splicing of BCL2 family member and caspase genes
by a mechanism involving PPl and serine/arginine rich domain (SR) proteins
(Chalfant et al., 2001, 2002). SR proteins are a family of proteins that are required
for pre-mRNA processing (Zahler et al., 1992, 1993). Phosphorylation status of SR
proteins regulates their cellular localization and function and PPl plays a major
role in this process (Misteli and Spector, 1996; Misteli et al., 1998; Chalfant et al.,
2001). Alternative splice products was first shown as a mechanism to regulate
apoptosis when it was demonstrated that a dominant negative splice variant (BCL-
X,) of the anti-apoptotic BCL2 family member, BCL-X;, existed (Minn et al.,
1996). Alternative splicing has also emerged in the regulation of caspase 2 (Jiang et
al., 1998; Cote et al., 2001), caspase 9 (Seol and Billiar, 1999), and the pro-apoptotic
BCL2 family member, BAX (Zhou et al., 1998; Jin et al., 2001). Chalfant et al.
(2002) demonstrated that exogenous C6-ceramide treatment was shown to induce
alternative splicing of BCL-X and caspase 9, but not BAX or caspase 2. Fur-
thermore, it was shown in the same study that ceramide promoted the generation of
the pro-apoptotic splice variants (i.e. the dominant negative BCL-X and caspase 9)
at the expense of the anti-apoptotic splice variants (i.e. BCL-X; and caspase 9b)
in a PP1-dependent manner. Fumonisin Bl and myriocin, both inhibitors of the
de novo sphingomyelin metabolic pathway, blocked ceramide-induced alternative
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splicing of the apoptotic gene products, suggesting that ceramide generated by the
de novo pathway rather than ceramide produced by sphingomyelinase is involved
(Chalfant et al., 2002).

It is not clear exactly how ceramide activates PP2A or PP1. In the case of
PP2A, a possible mechanism appears to involve translocation of PP2A to target
membranes (Sontag et al., 1995; McCright et al., 1996a; Ruvolo et al., 2002). It
appears that the regulatory B subunits of PP2A are directly involved in this
process. Such a finding is not unexpected since the PP2A regulatory B subunits
(a) are expressed differentially by tissue and temporally during development
(Mayer et al., 1991; Ruediger et al., 1991; Mumby and Walter, 1993; McCright
and Virshup, 1995; Csortos et al., 1996), (b) may determine PP2A substrate
specificity (Cegielska et al., 1994) and (¢) are known to target the PP2A catalytic
complex to intracellular sites such as the nucleus or microtubules under certain
conditions (Sontag et al., 1995; McCright et al., 1996a). It has recently been
shown that ceramide promotes translocation of PP2A to the mitochondrial
membranes by a mechanism involving the B56 a-subunit (Ruvolo et al., 2002). The
recruitment of PP2A to the mitochondria by ceramide, activates the BCL2
phosphatase and promotes BCL2 dephosphorylation and inactivation (Ruvolo
et al., 1999). Interestingly, the regulatory B56 a-subunit is primarily localized in the
cytosol under normal conditions in human pre-B ALL cells, however, ceramide
promotes B56a movement from the cytosol to mitochondrial membranes (Ruvolo
et al., 2002). In addition, ceramide promotes significant mitochondrial translocation
of the PP2A subunits that comprise the catalytic subunit (i.e. PP2A/A and PP2A/C)
as well, and thus suggests that ceramide promotes translocation of the PP2A
catalytic complex to mitochondrial membranes via B56« in the case of BCL2
phosphatase (Ruvolo et al., 2002).

2.3. Downstream effector systems in ceramide action

KSR-CAPK and/or aPKC¢ presently represent the most compelling candidate
proximal effectors for ceramide-driven cytotoxicity in many systems. As noted
above, the proximal target(s) for ceramide that are uniformly essential to the
initiation of lethal signaling have evaded definitive identification, and it is therefore
to be stressed that ceramide likely elicits apoptosis through different signaling
pathways in a highly context-dependent (which is to say, cell type-specific) fashion.

Ceramide and recruitment of the SAPK-JNK cascade Beyond this uncertainty,
however, it is clear that the pro-apoptotic influence of ceramide entails the
recruitment of several broadly conserved downstream effector mechanisms.
Indeed, a critical involvement of both the SAPK-JNK cascade and the
mitochondrially gated cytochrome-C/APAF1/caspase-9 system has been widely
demonstrated in the apoptotic responses to both natural and synthetic ceramide
(Westwick et al., 1995; Jarvis et al., 1997), KSR-CAPK (Basu and Kolesnick,
1998; Basu et al., 1998; Xing et al., 2000) and aPKC¢ (Lozano et al., 1994; Muller
et al., 1995; Bourbon et al., 2000). Conversely, ceramide can inhibit kinases that



Ceramide-Driven Stress Signals in Cancer and Aging 55

are key components of pro-growth signaling processes such as the classical and
novel PKC isoforms (e.g. cPKCnPKC; Lee et al., 1996, 1998), or PKB-Akt
(Santana et al., 1996; Basu et al., 1998; Scheid and Duronio, 1998; Spiegel and
Milstien, 2000). The mechanism of kinase inhibition in each case appears to
involve the ability of ceramide to activate one or more species of protein
phosphatase. As already discussed, CAPP represents a form of PP2A phosphatase
(Dobrowsky and Hannun, 1992; Dobrowsky et al., 1993); in addition, independent
findings indicate that ceramide can activate a major form of PP1 as well (Chalfant
et al., 1999).

Given that ceramide-regulated enzymes have been implicated as potential tumor
suppressor elements (e.g. PP2A; Cohen and Cohen, 1989; Schonthal, 1998), and
that ceramide regulatory pathways have been shown to influence pathways
controlling known tumor promoters (e.g. BCL2; Ruvolo, 2001), it is highly
probable that there is an exact role for ceramide in the regulation of oncogenesis.
In fact, data supporting a causal link between ceramide and chemoresistance is
emerging, thus supporting such a regulatory role for sphingolipid messengers in
the development of neoplasia (Liu et al., 1999, 2000; Senchenkov et al., 2001). For
instance, a potential mechanism of drug resistance that has recently been described
involves enzymatic modification of ceramide that abrogates the ability of this lipid
messenger to act as an effector molecule in programmed cell death pathways
(Maurer et al., 2000; Senchenkov et al., 2001). This novel mechanism will be
discussed later in this chapter.

Several lines of evidence have demonstrated that ceramide engages, through
whatever immediate coupling mechanism, the protein kinase MEKK1; MEKKI1 in
turn initiates sequential activation of MKK4 (also termed SEK1) and JNKI1/
JNK2. MKK and JNK together comprise the primary SAPK signaling module.
Increased availability of ceramide rapidly engages JNK1 and JNK2, resulting in
the activation of multiple downstream SAPK targets; most notable among these
c-Jun (which represents an essential component of the various forms of the AP-1
transcription factor complex), and ATF2 (which can serve as a ¢c-Jun dimerization
partner for AP1 activation; Sawai et al., 1995; Westwick et al., 1995; Verheij et al.,
1996; Jarvis et al., 1996a, 1997, 1999). Induction of the SAPK cascade is also
closely associated with multiple ceramide-dependent pro-apoptotic stimuli, ranging
from activation of cytotoxic receptor systems to the onset of lethal environmental
stresses (Verheij et al., 1996; Jarvis et al., 1997, 1998). Moreover, acute inter-
ruption of the SAPK cascade (e.g., through dominant-negative suppression of
SEK1 activity) or interference with outflow from JNKI1/JNK2 (e.g., through
pharmacological inhibition, or dominant-negative quenching of c-Jun transactiva-
tion potential) can abolish the apoptotic responses to ceramide or ceramide-
dependent lethal stimuli (Sawai et al., 1995; Verheij et al., 1996; Jarvis et al.,
1997). Ceramide-mediated induction of cell death thus requires acute activation of
the SAPK cascade. In addition, activation of this system is closely associated with,
in some instances, reciprocal inactivation of the MAPK-ERK cascade (Jarvis et al.,
1997). This notion is consistent with proposals that the two systems are regulated
coordinately (Xia et al., 1995; Jarvis et al., 1997).
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Ceramide and activation of protein kinase R Ceramide has been shown to activate
a novel serine/threonine protein kinase referred to variously as dsRNA-dependent
protein kinase, IFNy-inducible protein kinase, or protein kinase R (PKR); PKR
represents a critical physiological regulator of protein synthesis that is ceramide
sensitive (Ruvolo et al., 2001b). One mechanism for regulating protein synthesis
involves the reversible phosphorylation of the w-subunit of eukaryotic initiation
factor-2 (elF2«) (Merrick, 1992; Samuel, 1993; Sheikh and Fornace, 1999). The
phosphorylation of elF2a results in the inhibition of initiation of protein
translation and thus prevents protein synthesis (Hershey, 1993; Rowlands et al.,
1988). One of the physiological elF2« kinases and a key regulator of this process
is PKR (Clemens and Elia, 1997; Tan and Katze, 1999; Williams, 1999). Much of
what is known about PKR has been derived from studies on its role in the host
anti-viral defense mechanism where PKR is activated in response to viral dSRNA
(Hovanessian, 1993; Matthews, 1993). PKR, however, has an expanded role in
regulating protein synthesis in response to cellular stresses (Williams, 1999). A
novel cellular regulator of PKR, RAX (called PACT in human cells; Patel and
Sen, 1998), appears to activate PKR in response to stress applications such as
IL-3 withdrawal, sodium arsenate treatment, or peroxide treatment (Ito et al.,
1999). Importantly, activation of PKR by RAX is independent of dsRNA (Ito et
al., 1999). Thus activation of PKR appears to involve two mechanisms: one where
PKR is activated by viral dSRNA, the other, where a cellular activator (i.e., RAX)
is involved. Evidence suggests that stress stimuli (e.g., IL-3 withdrawal or peroxide
treatment) may activate PKR via RAX, presumably by a mechanism whereby
RAX associates with and activates PKR (Ito et al., 1999). Inasmuch as the stress
treatments that result in PKR activation did not significantly affect total RAX
protein expression, a post-translational mechanism appeared to be involved. RAX
appears to be activated when it is phosphorylated by an as yet unknown stress-
activated kinase (Ito et al., 1999). Because ceramide is produced during almost all
apoptotic stress applications (Hannun, 1994) and has been demonstrated to
activate stress-activated kinases (Verheij et al., 1996; Jarvis et al., 1997), it is not
surprising to find that ceramide induces phosphorylation of RAX with concomi-
tant activation of PKR (Ruvolo et al., 2001b). Consistent with a model where
ceramide regulates PKR, ceramide was found to promote elF2« phosphorylation
and inhibit protein synthesis in a dose-dependent manner (Ruvolo et al., 2001b).

Ceramide and recruitment of the intrinsic APAFI/cyt-C/caspase-9 pathway for
apopototic commitment As outlined in preceding sections, numerous intracellular
signaling systems, recruited both in tandem and in parallel, appear to subserve the
cytotoxic influence of ceramide in mammalian systems. The downstream processes
that bring about final commitment to apoptosis via the intrinsic mitochondrially
gated APAF pathway are yet to be completely characterized. The present section
addresses the relationship between ceramide generation and mitochondrial
dysfunction.

The major cellular pool of sphingomyelin is found on the outer leaflet of the
plasma membrane. Here the generation of ceramide is associated with inhibition
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of both PKC-induced NF«B activation (Luberto et al., 2000) and platelet-derived
growth factor-induced PI3-kinase activity (Zundel et al., 2000). This pool of
cellular ceramide, however, has been shown to be insufficient to induce apoptosis.
Instead studies targeting bacterial sphingomyelinase to various intracellular
compartments have linked ceramide-induced cell death to that generated specifi-
cally in the mitochondria (Birbes et al., 2001). This is supported by previous
studies in which both C, and Cg-ceramide were shown to induce cytochrome ¢
release from isolated mitochondria. This release appeared to be influenced by the
redox state of cytochrome ¢ and was prevented by BCL2 expression (Ghafourifar
et al., 1999). Likewise, the loss of mitochondrial membrane potential in response
to exogenous natural (C;g) ceramide can be effectively inhibited by the general
caspase inhibitor Z-VAD-fmk (Ghafourifar et al., 1999). Additional evidence
supports a direct association between ceramide targeting and the mitochondria. In
particular, ceramide has been shown to inhibit complex III of the mitochondrial
respiratory chain (Gudz et al., 1997) as well as to induce the generation of reactive
oxygen species, both in intact mitochondria (Garcia-Ruiz et al., 1997) and whole
cells (France-Lanord et al., 1997; Quillet-Mary et al., 1997).

Accumulating data supports a pivotal role for both the pro- and antiapoptotic
BCL2 family members in mediating ceramide-induced cell death. In this regard
both BCL2 and BCL-X; have been shown to inhibit cytochrome c¢ release and
subsequent apoptosis (Ghafourifar et al.,, 1999; Cuvillier et al., 2000; Sawada
et al., 2000). BAX, on the other hand, appears to be required for the release of
cytochrome ¢ in response to ceramide as antisense BAX has been shown to inhibit
cytochrome c¢ release and cell death induced by Cg ceramide in HL-60 cells (Kim
et al., 2001). This action apparently results from the ceramide-induced transloca-
tion of BAX from the cytosol to the mitochondria. The redistribution of cellular
BAX in combination with an observed decrease in BCL-X| expression has been
suggested to function in ceramide-mediated apoptosis by altering the balance
between anti- and pro-apoptotic cellular signaling (Kim et al., 2001).

Recent evidence has also established a role for ceramide in the redistribution of
AIF from the mitochondrial intermembrane space to the nucleus (Daugas et al.,
2000). As this translocation is coupled to the subsequent induction of peripheral
chromatin condensation and large scale DNA fragmentation, it suggests that
ceramide can function as a pro-apoptotic second messenger in the absence of
cytochrome ¢ release and caspase activation.

3. Regulatory role of ceramide in apoptosis

Apoptosis was first described as a cellular process whereby cells underwent unique
morphological changes (e.g. chromatin fragmentation, nuclear condensation,
membrane blebbing) in the process of dying (Kerr et al., 1972; Cohen et al., 1994;
Zimmerman et al., 2001). Clearly, apoptosis was distinct from other cell death
pathways (i.e. necrosis). It would soon be discovered that apoptosis was a critical
process for cell differentiation and that aberrations in this process could result in
tumorigenesis (Vaux et al., 1988; Wickremasinghe and Hoffbrand, 1999). At the
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organismal level, apoptotic processes are essential for normal embryonic develop-
ment and play a key role in the removal of harmful cells by the immune system
(Yang and Korsmeyer, 1996; Zimmerman et al., 2001). Yet, the biochemical
mechanisms responsible for this process are still not fully understood.

Apoptosis can be initiated by a number of stress signals. While the end result is
similar, there are two separate apoptotic pathways (i.e. extrinsic and intrinsic) that
are currently known. The extrinsic pathway is triggered by activation of a death
receptor like CD95 or the TNF receptor (Chinnaiyan et al., 1996; Muzio et al.,
1996; Ashkenazi and Dixit, 1998; Baud and Karin, 2001; Kaufmann and
Hentgartner, 2001). These receptors contain “death domains” that are essential to
the assembly of the death-inducing signal complex (DISC) when activated
(Kaufmann and Hentgartner, 2001; Weber and Vincenz, 2001). In the extrinsic
pathway, caspase 8 is activated (Chinnaiyan et al., 1996; Muzio et al., 1996;
Ashkenazi and Dixit, 1998). Caspases are a family of cysteine proteases that play
a critical role in apoptosis (Cohen, 1997; Thornberry and Lazebnik, 1998;
Earnshaw et al., 1999). While the “initiator” caspases (e.g. caspases 8 and 9) can
be differentially activated depending on initiation event, the “‘effector’” caspases
(e.g. caspases 3) play a role in both intrinsic and extrinsic pathways (Cohen, 1997,
Thornberry and Lazebnik, 1998; Earnshaw et al., 1999). Activation of caspase 3
by caspase 8 results in cell death that is BCL2 resistant and thus suggests that this
process is independent of the mitochondria (Strasser et al., 1995; Martin et al.,
1998). Sphingomyelinase, an enzyme responsible in at least one pathway in the
generation of ceramide, is activated by TNF family receptors (Adam et al., 1996;
Adam-Klages et al., 1996). Thus ceramide appears to play an important role in
TNF-induced cell death (Kolesnick and Kronke, 1998). Still, the role of ceramide
in TNF or FAS-induced cell death is not clear. Cells derived from acid
sphingomyelinase knockout mice (which are defective in ceramide metabolic
pathways involving ceramide) are resistant to various stress stimuli including FAS
and TNF-induction depending on cell type (Lin et al., 2000). Still, ceramide
appears to be obligate for apoptotic induction by TNF since embryonic fibroblast
cells derived from acid sphingomyelinase knockout mice show partial resistance to
TNF that can be overcome by natural ceramide (Lozano et al., 2001).

The intrinsic apoptotic pathway is mitochondria-dependent and is triggered by
stresses such as chemotherapeutic drug treatment or irradiation that result in
mitochondrial damage and release of cytochrome C, which in turn, results in
activation of caspase 9 (Green and Reed, 1998; Kaufmann and Hentgartner, 2001).
The intrinsic apoptotic pathway is regulated in part by a family of proteins (i.e.
BCL2 family) that regulate apoptosis (Korsmeyer, 1992; Yang and Korsmeyer,
1996; Adams and Cory, 1998; Reed, 1998). BCL2 was identified as the cellular
oncogene product associated with the t(14,18) translocation commonly seen in
B-cell lymphomas (Tsujimoto et al., 1984; Bakhasi et al., 1985; Cleary et al., 1986).
While other oncogenes known at the time of BCL2’s discovery were found to affect
cell proliferation, BCL2’s function to prolong cell survival was shown
experimentally to be novel (Vaux et al., 1988; Korsmeyer, 1992). BCL2 was
demonstrated to be a potent suppressor of the process of programmed cell death
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because expression of exogenous BCL2 could protect factor-dependent cells from
apoptosis in response to growth factor withdrawal (Vaux et al., 1988). However,
simple expression of BCL2 is not sufficient to protect cells from apoptosis (Ruvolo
et al.,, 2001a). There are many examples where BCL2 expression alone is not
prognostic for outcome in diseases such as heart disease (Olivetti et al., 1997) or
acute lymphoblastic leukemia (Coustan-Smith et al., 1996). It has been found that
phosphorylation regulates BCL2’s anti-apoptotic function (May et al., 1994;
Haldar et al., 1995). Phosphorylation can either activate or inactivate BCL2
depending on which sites are phosphorylated (Fig. 3; Ruvolo et al., 2001a).
Mono-site phosphorylation at serine 70 is required for BCL2’s full and potent
anti-apoptotic function (Ito et al., 1997). On the other hand multi-site phos-
phorylation of BCL2 inactivates the molecule and is associated with cell death
(Haldar et al., 1995; Yamamoto et al., 1999). Ceramide has been shown to regulate
BCL2 phosphorylation status and function during stress (Ruvolo et al., 1999,
2002). Since expression of STOE BCL2, a non-phosphorylatable, activated form of
BCL2, can protect cells from ceramide-induced apoptosis, it is likely that ceramide-
induced cell death requires the functional inactivation of BCL2 in cells that express
BCL2 (Ruvolo et al., 1999; Ruvolo, 2001). Thus ceramide is critical in regulating
the apoptotic machinery in at least some tissues. Similar to BCL2, ceramide has
been shown to regulate the phosphorylation status of other BCL2 family members
such as BAD (Basu et al., 1998). The ability of ceramide to regulate multiple
members of the BCL2 family would likely allow ceramide to be involved in
apoptotic regulatory processes in many tissue types. Furthermore, though the pro-
apoptotic BCL2 family member BAX is not a phosphoprotein, ceramide has been
shown to affect the ability of BAX to kill cells (Pastorino et al., 1999). One
mechanism how BAX might kill cells is via the mitochondrial permeability
transition (MPT) resulting in the release of cytochrome ¢ (Pastorino et al., 1998).

Ceramide

PP2A JNK

INACTIVE ACTIVE INACTIVE

A
I PKC o, ERK 1/2

Growth factor

Fig. 3. Model of regulation of BCL2 functional activity by phosphorylation. Monosite phosphorylation
of BCL2 as induced by growth factor or other agonists promotes full and potent anti-apoptotic function.
The BCL2 survival kinases include PKC « and ERK 1/2. Conversely, ceramide inactivates BCL2 either by
dephosphorylation via PP2A or by hyper-phosphorylation of the molecule by stress-kinases such as JNK.
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Ceramide has been shown to potentiate the induction of the MPT by BAX
(Pastorino et al., 1999). Antisense oligo inhibition of BAX has been shown to
block ceramide-induced apoptosis (Kim et al., 2001). Ceramide treatment of cells
resulted in a slight increase in BAX expression with translocation of BAX to the
mitochondria (Kim et al., 2001). Considering the varied effects of ceramide on
BCL2 family members by mechanisms affecting expression, post-translational
modification, and sub-cellular localization, it is likely that ceramide acts via
multiple mechanisms during apoptosis.

4. Potential roles for ceramide in malignancy and aging

4.1. Ceramide as a regulator of tumor suppressor genes

As mentioned above, PP2A is regulated by ceramide (Dobrowsky and Hannun,
1992; Dobrowsky et al., 1993; Ruvolo et al., 1999). Importantly, a number of
studies suggest that PP2A is a potential tumor suppressor (Cohen and Cohen,
1989; Schonthal, 1998). Okadaic acid, a PP2A inhibitor, is a potent tumor
promoter (Suganuma et al., 1988; Fujiki and Sugunama, 1993). In addition,
viruses with the capability to transform normal cells such as SV40 contain
proteins such as the small T antigen and middle T antigen that bind to and
inactivate PP2A (Pallas et al., 1990; Yang et al., 1991; Mumby and Walter, 1993;
Mateer et al., 1998; Mullane et al., 1998). The small T antigen can bind to the
structural A subunit, thus preventing B subunit binding and assembly of the
complete ABC PP2A complex (Yang et al., 1991). Interestingly, the middle
T antigen and small T antigen differ in their effects on cell signaling though both
interact with PP2A (Mullane et al., 1998). The middle T antigen but not the small
T antigen activates JNK (Mullane et al., 1998). One potential mechanism how
PP2A may act as a tumor suppressor could involve the inactivation of oncogenes
such as BCL2. PP2A dephosphorylates and functionally inactivates BCL2 (Ruvolo
et al., 1999, 2002).

Inactivation of a PP2A’s tumor suppressor properties by mutation or deletion
has been postulated to be involved in the development of colon cancer (Wang
et al., 1998) and lung cancer (Rasio et al., 1995; Wang et al., 1998; Calin et al.,
2000). As mentioned above, one study found 63% of lung cancer tumors
examined contained the 11q LOH that contains the PPP2R1B gene (Rasio et al.,
1995). More recently, 15% of lung carcinomas have demonstrated mutations in
either the o and B isoforms of the A-subunit that give rise to inactive forms of
PP2A (Calin et al, 2000). While a recent comparison of cultured versus
uncultured (sporadic) human lung cancer cell lines did not analyze the presence of
the 11q LOH, it was found that a 3p21 LOH was found in 58% of cultured cell
lines and 63% of uncultured cell lines (Wistuba et al., 1999). The gene for the B56
regulatory y-subunit (PPP2R5C) maps to 3p21 (McCright et al.,, 1996b). A
possible mechanism whereby PP2A’s tumor suppressor ability may serve to inhibit
aberrant proliferation signaling cascades has emerged since antisense ablation of
cPKCa by treatment also reverses tumorigenicity of A549 cells (Wang et al.,
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1999). Because ceramide is such an important regulator and potent agonist of
PP2A, it would be likely that ceramide would have a role in this process.

Another potential tumor suppressor that ceramide regulates is PKR. As
discussed previously, ceramide has been shown to regulate PKR through its
cellular activator, RAX (Ruvolo et al., 2001b). Several studies have suggested that
suppression of PKR function can lead to malignancy since catalytically inactive
PKR has been shown to transform NIH3T3 cells (Koromilas et al., 1992; Meurs
et al., 1993; Barber et al.,, 1995a,b). Consistent with this notion, loss of PKR
activity has been associated with tumor growth while WT PKR activity correlates
with antitumor activity (Barber et al.,, 1995a,b). The PKR gene is localized to
2p21-22, a chromosomal region that has been associated with diseases such as
large cell lymphoma, myelodysplastic leukemia, and possibly acute myeloid
leukemia (Beretta et al., 1996; Basu et al., 1997, Abraham et al., 1998). In
addition, PKR has recently been suggested as being dysregulated in breast cancer
(Jagus et al., 1999; Savinova et al., 1999). These studies suggest that PKR and its
regulatory proteins may play a role in the tumor suppression processes.

4.2. Ceramide as a regulator of oncogenes

BCL2 is the founding member of a family of proteins that regulate programmed
cell death pathways (Korsmeyer, 1992; Yang and Korsmeyer, 1996; Reed, 1997,
1998; Adams and Cory, 1998). BCL2 was identified as the cellular oncogene
product associated with the t(14,18) translocation commonly seen in B-cell
lymphomas (Tsujimoto et al., 1984; Bakhasi et al., 1985; Cleary et al., 1986).
While other oncogenes known at the time of BCL2’s discovery were found to
affect cell proliferation, BCL2’s function to prolong cell survival was shown
experimentally to be novel. BCL2 was demonstrated to be a potent suppressor of
the process of programmed cell death because expression of exogenous BCL2
could protect (IL-3 dependent) cells from apoptosis in response to growth factor
withdrawal (Vaux et al., 1988).

Recently, it was discovered that ceramide activates a mitochondrial PP2A
responsible for BCL2 dephosphorylation in association with cell death (Ruvolo
et al., 1999). A likely mechanism involved in ceramide-induced cell death appears
to involve functional inactivation of BCL2, given that expression of S7T0E BCL2,
a non-phosphorylatable (i.e. PP2A resistant) mutant that mimics phosphorylation,
protects cells from ceramide-induced apoptosis at doses where WT BCL2 is
ineffective (Ruvolo et al., 1999).

4.3. Potential role for ceramide in chemoresistance

As was discussed in the previous sections, ceramide regulates pathways that
involve both tumor suppressors (e.g. PP2A and PKR) and tumor promoters (e.g.
BCL2). Thus, ceramide can participate in the oncogenic process through direct
regulation of the gene products that influence tumorigenesis. It is also clear that
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ceramide regulates the diverse stress signaling pathways that determine the cell’s
fate in response to stress stimuli and thus, defects in ceramide metabolism could
potentially affect the cellular response to chemotherapy or other anticancer
regimens (e.g. irradiation) by rendering the cells more resistant to cell killing. As
has been suggested, dysregulation of ceramide metabolic pathways may contribute
to multidrug resistance (Senchenkov et al., 2001). Variants of human cells that are
TNF a-resistant (Cai et al.,, 1997) and adriamycin-resistant (Lavie et al., 1996;
Michael et al., 1997; Liu et al., 1999, 2000, 2001) have been shown to exhibit
defects in ceramide metabolism. One potential mechanism involves the conversion
of ceramide to a nontoxic form. For instance, ceramide is converted to
glucosylceramide by glucosylceramide synthase (GCS) in adriamycin-resistant cells
(Gomez-Munoz et al., 1995). A role for GCS in chemoresistance in adriamycin-
resistant cells is supported by studies that show that introduction of GCS into
normal MCF-7 cells confers adriamycin-resistance (Liu et al., 1999). Conversely,
inhibition of GCS in human adriamycin-resistant cells using an oligonucleotide
antisense strategy restores sensitivity to adriamycin (Liu et al., 2000). Liu et al.
(2001) have also demonstrated that multidrug resistance to a number of
chemotherapeutic agents including anthracyclines and taxanes can be reversed in
human breast cancer cells by antisense targeting of GCS.

Defects in ceramide metabolism can also affect the effectiveness of non-
chemotherapy anticancer strategies (Senchenkov et al., 2001). An association
between resistance to radiation therapy and defective ceramide metabolism has
been shown in Burkitt’s lymphoma cells (Michael et al., 1997). Thus, dysregula-
tion of ceramide production appears to play a role in chemoresistance, at least in
some malignancies.

Ceramide may participate in chemoresistance mechanisms via the regulation of
molecules involved in apoptosis such as it has been recently found that ceramide
regulation of BCL2 phosphorylation status may contribute to the cellular
chemoresistance of human and murine leukemic cell lines (Ruvolo et al., 1999,
2001b). Thus, a recently identified physiologic BCL2 kinase, cPKCq, has been
found in retrospective studies to be a prognostic factor for outcome in patients
with AML (Kornblau et al., 2000). Consistent with a model where phosphorylated
BCL2 promotes BCL2 association with BAX (resulting in loss of BAX’s
pro-apoptotic function), AML patients with molecular determinants favoring cell
survival (a high ratio of [BCL2][cPKC«]/[BAX]) fared much worse than patients
with molecular determinants favoring apoptosis (a low ratio of [BCL2] [cPKC«]/
[BAX]). Leukemic cells from patients with favorable/intermediate prognosis
cytogenetics displaying a high [BCL2] [cPKC«]/[BAX] ratio had a median
remission rate of 65% and median survival of 55 weeks while similar AML
patients with leukemic cells exhibiting a low [BCL2] [cPKC«/[BAX] ratio had a
median remission rate of 92% and median survival of 141.5 weeks (Kornblau et
al., 2000). Interestingly, cPKCoa has also been implicated as a prognostic factor in
pediatric ALL (Volm et al., 1997). As mentioned earlier, the tumorigenicity of
lung carcinoma A549 cells can be reversed by inhibition of cPKCa (Wang et al.,
1999). An interesting pattern is emerging where dysregulation of cPKCa may
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contribute to tumor development and chemoresistance properties (Ruvolo et al.,
2001a). Ceramide is likely to have a role in at least some of these processes.

4.4. Ceramide and aging

As interest in aging grows, new data emerges on the implications of aging on
expression of gene products involved in cellular processes like the cell cycle,
apoptosis, and senescence. It is becoming clear that many of the gene products
that are regulated by ceramide show changes in expression as humans and
animals age. For instance, the expression of PKR appears to be elevated in
aging mice in a broad number of tissues (e.g. brain, heart, lung, liver, pancreas;
Ladiges et al., 2000). Cutler and Mattson (2001) have recently postulated that
accumulation of ceramide and other sphingolipids during aging contributes to
the aging rate and the onset of age-related diseases. Treatment of cells with
exogenous ceramide can promote PKR mRNA expression (Ruvolo, Clark,
Mitchell, Flagg, Ferguson, and May; unpublished). The exact mechanism how
ceramide might promote PKR transcription is as yet unknown. However, if the
aging process somehow promotes increased ceramide levels (Cutler and Mattson,
2001), the upregulation of PKR in cells in aging tissues found by Ladiges et al.
(2000) may be due to enhanced expression of PKR by ceramide. Since ceramide
can also promote inhibition of protein synthesis via PKR (Ruvolo et al., 2001b),
aging cells may lack the ability to weather stress as well as younger cells and
thus would be more prone to die. Interestingly, hyperactivation of PKR has
been associated with Fanconi anemia (Pang et al., 2001). Pang et al. (2001) have
shown that activation of PKR results in hematopoietic cells that are excessively
apoptotic and hypersensitive to stress in Fanconi anemia cells of the C com-
plementation group, but this phenotype could be reversed using a dominant
negative mutant of PKR.

There are other ramifications for potential elevated ceramide levels in cells. If
natural ceramides accumulate in aging tissues, ceramide-mediated regulatory
pathways may become hypersensitive to stress in these cells. This phenomenon
might explain the apparent paradox of why aging heart cells show increased levels
of BCL2, but are more prone to death (Olivetti et al., 1997). Despite the presence
of increased BCL2 levels, accumulated ceramide would promote the inactive
functional state by either the promotion of BCI2 phosphatase activity (i.e.
dephosphorylated state; Ruvolo et al., 1999, 2002) or by activation of stress
kinases that can lead to inactivation by hyper-phosphorylation of the molecule
(Yamamoto et al., 1999).

While the effects of ceramide-mediated signaling pathways have yet to be fully
understood in many diseases related to aging (e.g. Alzheimer’s disease, arthritis),
ceramide-sensitive molecules appear to be important in a number of these diseases.
Ceramide appears to promote down-regulation of the tau protein, a molecule that
is dysregulated in Alzheimer’s disease (Xie and Johnson, 1997). PP2A has been
shown to be important in tau regulation (Sontag et al., 1996, 1999). While it is
PP2A inactivation resulting in tau hyperphosphorylation that is associated with



64 P. P. Ruvolo et al.

Alzheimer’s disease (Sontag et al., 1999; Kins et al., 2001), it is possible that
ceramide promotes activation of other PP2A isoforms at the expense of the PP2A
isoforms that mediate tau phosphorylation. At least in human REH cells,
ceramide induces potent migration of PP2A catalytic complex to the mitochondria
(Ruvolo et al., 2002). Perhaps the PP2A catalytic complex is recruited away from
microtubules (i.e. the site of tau and PP2A association; Sontag et al., 1996, 1999)
during the development of Alzheimer’s disease. While this notion is purely
speculative at this point, it would be a worthy goal to determine if such a
mechanism might play a role in diseases associated with PP2A.
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5.3. Lactosylceramide

5.3.1. TNF-«a recruits LacCer to induce ICAM-1 expression and
cell adhesion in endothelial cells

5.3.2. Shear stress recruits LacCer to induce ICAM-1 expression and cell
adhesion

5.3.3.  LacCer stimulates the expression of CD11b/CD18 (Mac-1) in
human neutrophils/monocytes and adhesion

5.3.4. LacCer stimulates aortic smooth muscle cell proliferation

6. Conclusion

1. Introduction

1.1. Overview

Previously atherosclerosis was believed to be an aging phenomenon. Current
thinking, however, posits that atherosclerosis is a progressive disorder resulting
from a combination of risk factors such as elevated levels of lipid and
lipoproteins, cigarette smoking, high level of homocysteine, high sensitivity
C-reactive protein (hs-CRP), diabetes, and stress; inflammation also plays a major
role in the pathogenesis of this disecase (Libby et al.,, 2002). These factors
individually or collectively contribute to the initiation and progression of
atherosclerosis (Libby et al., 2002). Although there has been considerable progress
in establishing the role of cholesterol and low-density lipoprotein receptors in
atherosclerosis, comparatively little is known about the role of sphingolipids. In
the past decade, observations emerging from various disciplines point to the fact
that sphingolipids are integral components of “lipid rafts” and serve as dynamic
bioactive molecules that modulate phenotypic changes such as cell proliferation,
cell adhesion, cell migration, and programmed cell death (apoptosis) (Liu et al.,
1997; Pena et al., 1997; Chatterjee, 1999, 2000).

In this chapter, we will focus on the enzymes that are involved in the
metabolism of the sphingolipids. We will also concentrate on some representative
bioactive sphingolipids that have been implicated in mediating signaling events
that contribute to phenotypic changes in cells. In particular, we will focus on
ceramide (Cer), sphingosine-1-phosphate (S-1-P), lactosylceramide (LacCer), and
a disialoganglioside (GDs). Recently, several review articles have appeared that
concentrate on the general aspect of sphingolipid metabolism to which the readers
are referred for additional details (Merrill et al., 1997; Usta et al., 2001). Here our
focus will be to look at sphingolipids in view of their involvement in
atherosclerosis and vascular biology.

1.2. Historical perspectives

Sphingolipids were first discovered by Thudichum in 1886 (Thudichum, 1886).
Thudichum characterized a compound, which he called cerebroside, as it was
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Fig. 1. Structure of sphingosine 1-phosphate, ceramide, and lactosylceramide.

isolated from human brain tissue (Thudichum, 1884). A characteristic component
of cerebroside and all sphingolipids is an aliphatic amino alcohol called
sphingosine (Fig. 1). Thudichum called the compound sphingosine because of its
aliphatic chemical nature, i.e. the presence of alcohol, as well as amino-groups,
and being soluble in water. More than 100 years of studies on sphingolipids
have focused on their structure, biosynthesis, and degradation. In fact, these
compounds were nothing more than a curiosity for chemists until it was shown
that several of these glycosylated sphingolipids called glycosphingolipids (GSL)
were found to accumulate in various tissues leading to metabolic diseases
collectively called glycosphingolipidoses. The major sphingolipid in human tissue
is sphingomyelin (SM) and it is an independent risk factor for atherosclerosis
(Jiang et al., 2000). The other major sphingolipid is Cer, which is a catabolic
product of SM and various GSLs. Several of the GSLs are localized on the cell
surface, and it has been shown that they serve as cell markers and antigens; e.g.
blood group ABO, P, Lewis system, Forsmann antigen, and tumor associated anti-
gen. A major role played by the sphingolipids, and in particular, SM, is that they
provide structural rigidity to the cell membrane. In addition, the presence of
carbohydrate moieties allow the glycosphingolipids to interact with other carbo-
hydrates projecting outward off of the cell membrane biomolecular leaflet, that in
turn leads to signal transduction phenomenon and phenotypic changes. The struc-
ture of some sphingolipids involved in atherosclerosis is summarized in Fig. 1.

1.3. Sphingolipids: structure and localization

Sphingosine and dihydro-sphingosine are typical mammalian sphingolipids. The
amino group in sphingosine is usually acylated by a fatty acid or a 2-hydroxy
fatty acid to form Cer. The most common fatty acids in SM and LacCer are



74 S. Chatterjee and S. F. Martin

C16-C18. On the other hand, in glycosphingolipids derived from human
atherosclerotic plaques, neutrophils, and brain long chain fatty acids such as
C20-C24 are present. Sub-cellular fractionation and employment of freeze fracture
techniques have shown that most of the sphingolipids, in particular, SM, is
localized on the cell surface. However, other studies have suggested that some SM
may be localized on the inner leaflet of the cell membrane. Upon treatment with
various cytokines, however, the Cer that is generated due to the hydrolysis of SM
via sphingomyelinase action may be localized either on the plasma membrane or
in the mitochondria/nucleus. The availability of antibodies against Cer now
provides an opportunity to localize this molecule (Vielhaber et al., 2001). On the
other hand, although some lacCer is localized on the cell surface, it is
predominantly localized in the cytoplasmic vesicles within uroepithelial cells and
human neutrophils (Chatterjee et al., 1983; Symington et al., 1987). GD; is a
major ganglioside in human aortic smooth muscle cells, certain carcinomas as well
as in breast cancer and is predominantly localized on the cell surface.

GSL cluster to form microdomains on the cell membrane even in the absence of
cholesterol. Such microdomains consisting of cholesterol, SM, and GSLs
constitute the “lipid rafts” in the plasma leaflet of the cell membrane bilayer.
Employing detergent extraction and ultracentrifugation, the “lipid rafts’ have been
distinguished into “‘caveolin rich” and “GSL signaling domain’ (GSD) fractions.
Furthermore, the GSD contained in addition to GSLs c-Src, Fak and Rho which are
important players in signal transduction phenomenon (Iwabuchi et al., 1998).

2. Biosynthesis of sphingolipids
2.1. Overview

The biosynthesis of most GSL occurs in the Golgi apparatus, as most if not all
biosynthetic enzymes are localized in this organelle. On the other hand, there is
controversy as to which organelle, plasma membrane, or Golgi is the major site of
SM synthesis. In vitro, the activity of SM synthase in plasma membrane is higher
than in Golgi and is stimulated by the addition of Cer; the addition of
glucosylceramide transferase inhibitor increases SM synthesis. Thus, there is a
competition for Cer pool for SM biosynthesis and GSL biosynthesis.

2.2. Enzymes involved in the biosynthesis of sphingolipids

2.2.1. Serine palmitoyl transferase (E.C. 2.3.1.50)

The biosynthesis of sphingolipid begins via the condensation of serine with
palmitoyl co-enzyme A in the endoplasmic reticulum, via serine palmitoyltransfer-
ase (SPT). This process continues until dihydroceramide is produced through a
series of reactions involving 3-ketosphinganine reductase, a NADPH dependent
reductase. This enzymatic reaction can be blocked by the use of an inhibitor
myriocin (F. 2; T. 1).
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2.2.2. Sphinganine N-acyltransferase (E.C. 2.3.1.24)

Sphinganine is acylated to dihydroceramide by the enzyme “‘ceramide synthase”
(sphinganine N-acyltransferase). A specific inhibitor of ceramide synthase is
fumonisin Bl. This compound has a very similar structure to sphingosine
or sphinganine (which is a substrate for ceramide synthase) and thus blocks
ceramide synthase, resulting in a decrease in intracellular Cer level (Bose et al.,
1995; Merrill et al., 1996; Garzotto et al., 1998). A fungal metabolite fumonisin
Bl is a target for dihydroceramide synthase and recent studies have shown that the
chemotherapeutic agent Daunorobicin transiently increases the activity of dihy-
droceramide synthase. Further studies indicate that dihydroceramide desaturase,
a NADPH dependent enzyme, is also important in the biosynthesis of the Cer,
although not much is known about this enzyme (English et al., 2000).

2.2.3. Sphingosine kinase

In mammalian cells, the phosphorylated form of sphingosine is S-1-P as well as
dihydro sphingosine-1-phosphate. A large amount of S-1-P is present in human
blood platelets as well as in plasma (Lee et al., 1998). Interluekin 1 (IL-1) and
platelet-derived growth factor (PDGF) treatment results in the activation of
sphingomyelinase and ceramidase that eventually contribute to the formation of
sphingosine and its subsequent phosphorylation by a sphingosine kinase results in
the formation of S-1-P (Fatatis and Miller, 1996). A potential role for sphingosine
in angiogenesis initiated by hypoxia and/or by vascular endothelial growth factor
(VEGF) has generated considerable interest in our understanding of sphingosine
1 kinase (Olivera et al., 1999; Fatatis and Miller, 1996). This enzyme has been
recently purified and cloned from human and murine sources and suggests the
presence of at least two kinds of mammalian sphingosine kinases; these are called
SK1 and SK2, respectively (Kohama et al., 1998; Liu et al., 2000; Pitson et al.,
2000). The SK2 protein is larger than SK1 and the preferred substrate is
dihydrosphingosine. In contrast, SK1 prefers sphingosine as a substrate (Kohama
et al., 1998). Interestingly, these proteins have homology to diacyl glycerol kinase
with regard to the ATP binding site of the cystolic domain of the particular
enzyme. The SK1 gene is predominantly expressed in the spleen and in the lung,
whereas the SK2 gene is expressed in the liver, kidney, and the brain (Murate
et al., 2001). A host of biologically active compounds have been shown to
modulate the activity of sphingosine-1-kinase. These include: phorbol esters,
vitamin D3, TNF-¢, oxidized LDL, PDGF, and nerve growth factor in a variety
of cultured cells derived from normal individuals as well as from cancerous cells.
In addition, bradykinin and muscarinic receptors were also recently shown to
activate sphingosine-1-kinase, leading to the mobilization of calcium (Mazurek
et al., 1994; Buchrer et al., 1996; Kleuser et al., 1998; Xia et al., 1998; Auge et al.,
1999; Xia et al., 1999; Olivera et al., 31; Blaukat and Dikic, 2001; Edsall et al.,
2001). A discussion of the role of S-1-P in angiogenesis and vascular biology will
be presented later.
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2.2.4. Sphingomyelin synthase

Sphingomyelin synthase (S-Nmase) activity has been shown to be responsible
for the synthesis of SM from Cer and phosphocholine derived from phosphati-
dylcholine. As such, it not only regulates the level of SM production but also
generates diacylglycerol. S-Nmase activity is also regulated by TNF-a. More
importantly, it has been implicated in cell proliferation, particularly in liver cell
regeneration (Miro-Obradors et al., 1993). Since this enzyme has not been
purified and cloned, its molecular biology is largely unknown.

2.2.5. Glucosylceramide synthase (E.C. 2.4.1.80)

Glucosylceramide synthase (GIcT-1) catalyzes the transfer of a glucose residue
from a nucleotide sugar UDP-glucose to Cer to form glucosylceramide. The
enzyme is on the cytosolic side of the cis/medial Golgi membrane (Futerman
and Pagano, 1991; Jeckel et al., 1992). Mutational and biochemical studies have
revealed that histidine-193 of the glucosylceramide synthase is the primary target
of the histidine modifying agent diethyl pyrocarbonate, the putative UDP-Glc-
binding site in this enzyme (Wu et al, 1999); the enzyme has been cloned.
Overexpression of glucosylceramide synthase has been shown to attenuate the
adverse effect of Cer upon the use of chemotherapeutic agents such as
adriamycin (Liu et al., 1999). Thus, GIcT-1 has been ascribed to protect cells
from Cer-induced cell death due to adriamycin treatment. However, this tenet
has been challenged recently (Tepper et al., 2000). The activity of GIcT-1 can be
inhibited by a glucosylceramide analog 2-decanoylamino-3 morpholino-1-propa-
nol (D-PDMP) (Radin et al., 1993). Kinetic analysis shows that D-PDMP acts
by mixed competition against Cer with IC50 and Ki values of 5 and 0.7M,
respectively. It should be noted that PDMP does not inhibit UDP-galactose:
N-acylsphingosine galactosyltransferase and beta-glucocerebrosidase. D-PDMP is
not a very specific inhibitor of GIcT-1 as it does inhibit the activity of several
other GSL glycosyltransferases (Chatterjee et al., 1996a). More recently, new
homologs of PDMP have been described that dissociate the depletion of GSLs
from secondary metabolic effects such as the accumulation of Cer (Shayman
et al., 2000).

N-butyldeoxynojirimycin is known as an inhibitor against both alpha-
glucosidase I and GlcCer synthase. Among various N-alkylimino sugars tested,
N-butyldeoxygalactonojirimycin possesses no visible cytotoxicity and higher spec-
ificity for the inhibition of GlcCer synthesis. Much progress will be expected on
determining the mechanism of GlcCer synthesis inhibition by these N-alkylimino
sugars and on its medical application for treatment of Gaucher’s disease (see
below) and in cancer.

2.2.6. Lactosylceramide synthase (E.C. 2.4.1.-)

Lactosylceramide synthase (LacCer synthase) is a trans-Golgi localized enzyme
that is responsible for the transfer of galactose from UDP-galactose to
glucosylceramide to form LacCer. LacCer synthase belongs to the g-14 GalT
transferase family. There are at least two LacCer synthases; these are the g-4.
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GalT-V, which is constitutively expressed in almost all human embryonic adult
tissues (Lo et al., 1998). The other LacCer synthase, GalT-VI, was first purified
in human kidney cells (Chatterjee et al., 1992) and subsequently purified and
cloned from a rat brain (Nomura et al.,, 1998). The molecular weight of this
enzyme is about 60kDa and prefers glucosylceramide as a specific substrate. It
requires magnesium and detergent such as Triton X-1000 and or cutscum for
optimum activity. The expression of g-4 GalT-VI is tissue restrictive, predomi-
nantly in human embryonic and adult brain cells, although very little expression
is observed in additional adult tissues (Lo et al., 1998). In human endothelial
cells, the B-4 GalT-V gene is expressed at high levels, while the g-4 GalT-VI
gene is minimally expressed in these cells. On the other hand, in human kidney
tissue and human embryonic kidney cells (HEK-293), equal expression of
B-4 GalT-V and B-4 GalT-VI genes was found. In human endothelial cells,
TNF-a as well as exposure to fluid shear stress was shown to stimulate the
activity of LacCer synthase that eventually led to the expression of the
intercellular cell adhesion molecule ICAM-1 via a complex signaling cascade
involving reactive oxygen species. Since TNF-o and shear stress-induced ICAM-
1 expression in HUVECs was abrogated by D-PDMP, this suggests that LacCer
synthesis is a target critically involved in this phenotypic change (Bhunia et al.,
1998; Yeh et al., 2001). LacCer synthase is also implicated in several
proliferative diseases including atherosclerosis, renal cancer, and human and
mouse polycystic kidney disease (Chatterjee 1993; Chatterjee et al., 1996b;
Chatterjee et al, 1997a). There appears to be a convergence in the activation of
LacCer synthase to mediate ox-LDL, PDGF, EGF, and nicotine-induced aortic
smooth muscle cell proliferation (Chatterjee, 1998). In human vascular smooth
muscle cells, the activation of LacCer synthase by the agonists above produces
LacCer. In turn, LacCer recruits an ‘“oxygen sensitive signaling cascade’ (see
below) that ultimately contributes to the proliferation of aortic smooth muscle
cells (Bhunia et al., 1996; Balagopalakrishna et al., 1997; Chatterjee 1997;
Chatterjee et al., 1997b). This phenotypic change was completely abrogated by
the preincubation of cells with D-PDMP. In contrast, L-PDMP that stimulated
the activity of LacCer synthase stimulated the proliferation of human aortic
smooth muscle cells (Chatterjee et al., 1997b). Interestingly, the activity of
LacCer synthase is higher in human plaques and calcified plaques as well as in
human/mouse polycystic kidney tissue (Chatterjee et al., 1996b; Chatterjee et al.,
1997a). Collectively, these in vitro and in vivo studies suggest that LacCer
synthase is the target for several cardiovascular and inflammatory risk factors
that may contribute to vascular dysfunction.

2.3. Use of inhibitors to study sphingolipid biosynthesis and degradation

Several low molecular weight inhibitors of sphingolipid biosynthesis are
known and have become valuable tools for the treatment of sphingolipidoses
and other diseases (Kolter and Sandhoff, 1998). Table 1 summarizes a list of
enzymes and corresponding inhibitors for use in sphingolipid degradation and
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List of enzymes and inhibitors corresponding for use in the sphingolipid degradation or/and

biosynthesis studies

Enzyme

Inhibitor

Reference

Serine palmitoyltransferase
Dihydroceramide synthase
Ceramide synthase
Sphingomyelinase
Ceramidase

Sphingosine kinase

Sphingosine-1-phosphate

L-Cycloserine

Myriocin

Fumonisin

Fumonisin Bl
Scyphostatin
Manumycin A
Ubiquinone, Ubiquinol
D-MAPP
N-Oleoylethanolamine
DMS
threo-Dihydrosphingosine
FTY720

Chatterjee (1998), Pyne and Pyne (2000)
Pyne and Pyne (2000)

Chatterjee (1998), Pyne and Pyne (2000)
Auge et al. (1999)

Arenz et al. (2001)

Arenz et al. (2001)

Martin et al. (2001), (2002)

Auge et al. (1999), Pyne and Pyne (2000)
Pyne and Pyne (2000)

Auge et al. (1999)

Pyne and Pyne (2000)

Mandala et al. (2002)

receptor agonists

Glucosylceramide synthase D-PPMP Pyne and Pyne (2000)
D-PDMP Pyne and Pyne (2000), Yeh et al. (2001)
Lactosylceramide synthase D-PDMP Chatterjee (2000), (1997), Cho (2001)
L-PDMP Chatterjee (1998)

D-MAPP. — p-erythro-2-(N-myristoylamino)-1-phenyl-1-propanol

DMS. — N,N-dimethylsphingosine

D-PDMP. — p-threo-1-phenyl-2-decanoylamino-3-morpholino-1-propanol
L-PDMP. - L-threo-1-phenyl-2-decanoylamino-3-morpholino-1-propanol
D-PPMP. — p-threo-1-phenyl-2-palmitoylamino-3-morpholino-1-propanol

biosynthesis studies. The use of these compounds has been described above and
detailed in the references cited in Table 1 (Chatterjee et al., 1997b, 1998, 2000;
Auge et al., 1999; Pyne and Pyne, 2000; Martin et al., 2001, 2002; Yeh et al.,
2001; Mandala et al., 2002).

3. Alteration of biosynthesis of sphingolipids in atherosclerosis

3.1. Regulation of sphingolipid biosynthesis by lipoproteins

Previous studies have shown that most if not all the plasma sphingo-
lipids in particular glycosphingolipids, are associated with various lipoproteins.
When plasma was fractionated into very low density protein (LDL) and high
density protein (HDL), most of the glycosphingolipid and SM were associated
with LDL and HDL (Chatterjee and Kwiterovich, 1976). Very little Cer was
found associated with the lipoproteins or lipoprotein-deficient plasma/serum. The
distribution of sphingosine and S-1-P in human lipoprotein is not known and is of
potential interest as the activation of platelets with the thrombotic phenomenon
results in the release of S-1-P into the plasma. How glycosphingolipids are
transferred, following synthesis in the liver, to the lipoproteins is not known.
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Very few studies have reported on the effects of lipoproteins on sphingolipid
metabolism. Some studies have made use of the availability of human skin
fibroblasts that express LDL receptors and fibroblasts from familial hypercholes-
terolemic homozygous patients that do not express LDL receptors. This kind of a
model system provides a unique opportunity to address the functional role of
lipoproteins and LDL receptors in regulating sphingolipid metabolism via the
LDL receptor pathway and in familial hypercholesterolemia. These studies reveal
that the addition of human LDL but not HDL or VLDL to normal human
fibroblasts did not alter the activity of a serine-paltimoyltransferase (Chatterjee
et al., 1986). Although the effects of this lipoprotein on other sphingolipid
biosynthetic pathways were not investigated, incorporation studies employing
radioactive precursors revealed that LDL did not have a significant effect on the
biosyntheses of the lipids in this pathway (Fig. 2). However, LDL inhibited the
activity of LacCer synthase in a concentration-dependent manner and with
kinetics similar to the inhibition of 3-hydroxy-3-methyl glutaryl-coenzyme A
reductase (HMG-CoA), an enzyme important in the feedback regulation of
cholesterol biosynthesis. These studies were extended in a number of diploid cells
such as human aortic smooth muscle cells, human kidney proximal tubular cells,
as well as Chinese hamster ovarian cells (Chatterjee et al., 1986a). Since the
binding, internalization, and degradation of LDL were critical in the LDL-
mediated downregulation of LacCer synthase activity, it implies an important role
for LDL receptors in this process. These findings point to the potential role of
apo protein-B in LDL that may have a regulatory effect on LacCer synthase
activity. This idea was further supported by the finding that various components
in LDL such as serine, fatty acid, phospholipids, and cholesterol failed to alter the
activity of LacCer synthase in cultured human skin fibroblasts (Chatterjee, 1990).
Moreover, LDL from familial hypercholesterolemic homozygous patients, which
contained high levels of glycosphingolipids, including LacCer, had a similar effect
on the activity of LacCer synthase as compared to LDL derived from normolipi-
demic subjects (Chatterjee, 1992). Recently, elevated levels of GlcCer and LacCer
have been reported in an apoE KO mouse model of atherosclerosis (Garner et al.,
2002) that further validates the previous observations in human atherosclerosis
(Chatterjee et al., 1983; Chatterjee, 1999).

3.2. Upregulation of sphingolipid biosynthesis in atherosclerosis

In contrast to studies on normal human derived cells that had a functional
LDL receptor, the absence of LDL receptors such as in fibroblasts from patients
with homozygous familial hypercholesterolemia resulted in the lack of regulation
of LacCer synthase. In fact, in these cells LDL increased the activity of LacCer
synthase and contributed to the accumulation of LacCer within cystoplasmic
vesicles (Chatterjee et al., 1986). Moreover, modification of the lysine residue in
apoprotein B by reductive methylation and/or oxidation of LDL also stimulated
the activity of LacCer synthase in human aortic smooth muscle cells and increased
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Fig. 2. Pathways for the biosynthesis and degradation of sphingolipids. For convenience all biosynthetic
enzymes are indicated in blue and degradation enzymes in red.

LacCer levels. This in turn led to an increase in cell proliferation (Chatterjee et al.,
1988; Chatterjee and Ghosh, 1996).

4. Degradation of sphingolipids
4.1. Overview

GSL degradation occurs in the acidic compartments of cells, the endosomes
and the lysosomes. Parts of the plasma membrane destined for degradation are
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endocytosed and transported through the endosomal compartments to reach the
lysosome (Sandhoff and Kolter, 1997; Kolter and Sandhoff, 1998). Within the lyso-
some, hydrolyzing enzymes sequentially cleave off the sugar residues from the
nonreducing end; thus, glycosylated GSLs, Cer, and finally sphingosine is pro-
duced. Alternatively, the en bloc removal of the oligosaccharide chain in GSL is
catalyzed by Cer glycanase to yield Cer and the oligosaccharide chain (Basu et al.,
1999). Thus, GSL can leave the lysosome, re-enter the biosynthetic pathway or be
further degraded. For GSLs with long carbohydrate chain of more than four
sugar residues, the presence of an enzymatically active lysosomal hydrolase
is sufficient for degradation in vivo. However, degradation of membrane-
bound GSLs with short oligosaccharide chains requires the cooperation of an
exohydrolase and a protein cofactor, called sphingolipid activator protein (SAP).
Several sphingolipid activator proteins are now known including the GM?2
activator and the saposins SAP-A, -B, -C, and -D. Inherited deficiencies of either
lysosomal hydrolases or activator proteins give rise to GSL storage diseases, the
sphingolipidoses (Kolter and Sandhoff, 1998). This is a group of inherited human
diseases in which sphingolipids accumulate in one or more organs due to a
degradation disorder. The symptoms and course of these diseases vary widely
between forms with onset in early childhood and death within the first years of
life in some cases and a more chronic course in the other cases. Their pathogenesis
is poorly understood and a causal therapy is only available for the non-
neuronopathic form of Gaucher’s disease. The genes of most proteins involved in
sphingolipid degradation have recently been cloned, enabling genotype—phenotype
correlation and facilitating the diagnosis of sphingolipidoses. In addition, animal
models of many sphingolipidoses have been created by targeted disruption of the
respective genes in mice. In the future, these animals will serve as valuable tools
for the investigation of the pathogenesis of these diseases and for the study of
therapeutic approaches, including substrate deprivation, enzyme replacement,
organ transplantation, and gene therapy.

4.2. Enzymes involved in the sphingolipid degradation pathway

4.2.1. Sphingosine-1-phosphatase (E.C. 3.1.3.-)

S-1-P is degraded back to sphingosine by the dephosphorylation mechanism
(Mao and Obeid, 2000). Alternatively, it may be broken down by the action of
sphingosine-1-phosphate lyase to fatty aldehyde hexadecanal and ethanolamine
(Saba et al., 1997).

4.2.2. Ceramidases (E.C. 3.5.1.23)

Ceramidases specifically cleave Cer into sphingosine and fatty acid. At least
three kinds of ceramidases have been described; the acid, neutral, and alkaline
based upon the pH at which the activity is optimal.

4.2.2.1. Acid ceramidase  The deficiency of acid ceramidase, which is predomi-
nantly a lysosomal enzyme, results in Farber’s disease. The Farber’s disease
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patient has the characteristic of accumulation of Cer in the plasma and has
lipogranulomatosis. Although Cer has been implicated in inducing programmed
cell death (apoptosis), unpublished data from our laboratory and others have
shown that skin fibroblasts from Farber’s disease patients undergo apoptosis to
the same extent as normal skin fibroblasts. The explanation for this observation is
not known but we can speculate that in these cells Cer is stored in a compartment
that is not available and does not constitute the signaling pool of Cer that may
participate in the apoptotic pathway. The human and mouse acid ceramidase have
been cloned and also well characterized. The functional role of the acid
ceramidase needs to be investigated further (Mao and Obeid, 2000).

4.2.2.2. Neutral ceramidase  The neutral ceramidase was first purified from
bacteria and the gene has been cloned (Saba et al., 1997). Subsequently, the
human homolog of the neutral ceramidase has been also cloned. Since the pH
optima of the human enzyme is rather broad, it has been termed “non-lysosomal”
ceramidase and has been shown to be present in the mitochondria. By virtue of
releasing cytochrome ¢ that in turn activates caspases involved in the signaling
cascade leading to apoptosis the mitochondria plays a critical role in this process.
Hence it may be speculated that the mitochondrial ceramidase may play an
important role in salvaging the pool of Cer that may be present in mitochondria
and/or Cer delivered to mitochondria and may determine the course of apoptosis
(Birbes et al., 2001). Because the mitochondrial enzyme shows a very high order
of substrate specificity; i.e., p-erythro ceramide as opposed to the r-erythro
ceramide, this may suggest a divergence in the catabolic pathway contributing to
functional role of these molecules in inducing apoptosis in the mitochondria. In a
recent study it was found that the mitochondrial ceramidase may also function as
a Cer synthase and therefore again points to the potential role of mitochondria,
mitochondrial ceramidase/synthase in regulating the pool of Cer and apoptosis
(Saba et al., 1997).

4.2.2.3. Alkaline ceramidase  The dihydroceramidase was found to be present in
the endoplasmic reticulum. The two gene products of alkaline ceramidase called
YDCI1 and YPCI1 have been recently cloned from Sve. cerevisiae and have been
implicated in heat stress response (Mao et al., 2000; Mao et al., 2001). The
mammalian alkaline ceramidase activity has been shown to be stimulated by
PDGEF, presumably producing sphingosine and subsequently S-1-P resulting in
mitogenesis.

4.2.3. Sphingomyelinases (SMase; E.C. 3.1.4.12)

At least five major classes of SMases have been identified based upon their pH-
optimum, metal ion requirement, and sub-cellular localization. The acid sphingo-
myelinase was first discovered in the lysosomes and it has been purified and
cloned. A closely similar cytosolic acid sphingomyelinase that is dependent on
Zn>* and is a product of alternative splicing of the acid sphingomyelinase gene
has been implicated in the aggregation of LDL and may have implications in
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atherogenesis/atherosclerosis (Taba, 1999). A cell-membrane bound neutral SMase
enzyme stimulatable by magnesium has been identified. Some studies suggest that
this enzyme is localized on the external leaflet of the plasma membrane, whereas
other studies suggest that it is localized on the inner aspect of the plasma
membrane (Chatterjee, 1993b; Liu et al., 1997). Another neutral sphingomyelinase,
a Mg”>" independent sphingomyelinase and an alkaline sphingomyelinase predomi-
nantly found in the gastrointestinal mucosa and human bile have been identified
(Okazaki et al., 1994; Nilsson and Duan, 1999). The latter enzyme requires
taurocholate and a mixture of conjugated bile acids for optimal activity.

4.2.3.1. Acid sphingomyelinase (A-SMase) The deficiency of A-SMase results in
the accumulation of large amounts of SM in the spleen of patients in Niemann-
Pick disease, a human autosomal-recessive lysosomal disease (Schuchman and
Desnick, 1995). The acid sphingomyelinase gene has been knocked out in mice;
fibroblasts derived from the A-SMase KO mice are relatively more resistant to
Fas-Apo I-induced apoptosis, whereas A-Smase deficiency has little effect on
lymphocyte apoptosis. Moreover, upon exposure to radiation the endothelial cells
in the intestine in A-SMase KO mice are remarkably resistant to apoptosis as
compared to normal mice, which are not (Saba et al., 1997). Neurons in the
brains of A-Smase KO mice exhibit increased resistance to ischemic death in a
stroke model (Yu, Z.F., 2000). The availability of the A-SMase KO mice will
certainly provide us with more information on whether the A-SMase plays an
important role in the generation of Cer that in turn contributes to apoptosis and/
or other cellular phenomenon.

4.2.3.2. Neutral sphingomyelinase =~ The N-SMase’s have been purified and cloned
from a variety of sources. The first N-SMase, a bacterial N-SMase that was
cloned, is present in the endoplasmic reticulum in mammalian cells and was later
shown to be homologous to lyso-PAF phospholipase C (Sawai et al., 1999).
Another N-SMase has also been cloned from the human kidney library and is
presumably expressed on the surface of mammalian cells (90, 91). The over-
expression of this latter N-SMase in human aortic smooth muscle cells results in
spontaneous apoptosis irrespective of the presence of tumor necrosis factor-o or
oxidized LDL (Chatterjee et al., 1999). However, when exogenous oxidized LDL
or TNF-« is added to the N-SMase gene transfected cells, further stimulation of
apoptosis was observed as compared to mock gene transfected cells. This is in
contrast to the earlier bacterial sphingomyelinase that did not induce apoptosis
upon overexpression in human embryonic kidney (HEK-293) cells irrespective of
the presence or absence of TNF-a.

4.2.3.3. Physiological role of A-SMase and N-Smase  Employing mutation of the
55kDa TNF-a receptors (TNF-a-R1), the role of A-SMase and N-SMase in
apoptosis has been explored (Fig. 3). For example, the C-terminal cytoplasmic
portion of the TNF-a-R1 contains two distinct features that differently associate
with N-SMase or A-SMase signaling. For example, an 11 amino acid membrane
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Fig. 3. Signal transduction pathway by which Tumor Necrosis Factor-o recruits ceramide to induce
apoptosis.

proximal domain called the N-SMase domain (NSD) that is specifically associated
with N-SMase signaling has been identified. An adaptor protein, factor activating
N-SMase (FAN), that binds to the TNF-a-R1 proximal membrane motif and in
turn promotes N-SMase activity has also been identified. However, overexpression
of FAN did not induce apoptosis in these cells. Therefore, the function of FAN
remains to be elucidated. On the other hand, a membrane distal region of
cytosolic domain of the TNF-a-R1 associates with the acid A-SMase. This death
domain represents the 75 amino-acid motif, and deletion and mutation of the
death domain abolished TNF-a-R1-induced apoptosis. Subsequently, several death
domains indicated in Fig. 3 may be recruited that in turn convert pro-caspase-8 to
active caspase-8 leading to apoptosis. The activity of N-SMase has been shown to
be stimulated by a variety of compounds including high concentration of oxidized
LDL in human aortic smooth muscle cells resulting in apoptosis (Kronke, 1999).
The potential role of arachidonic acid in the regulation of N-SMase has also been
suggested. In these studies treatment of HL-60 cells and L99 cells with Interferon-
gamma (IFN-y) and TNF-« resulted in the activation of a cytosolic phospholipase
A-2 (cPLA2). Phospholipase A2 specifically catalyzes the release of arachidonic
acid from the sn-2 position in phosphatidylcholine. Arachidonic acid serves as a
precursor to prostaglandins and eicosanoids, a potent activator of the inflamma-
tion. Treatment of these cells with arachidonic acid or pharmacological activators
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of cPLA2 induced N-SMase activity. Interestingly, cells lacking cPLA2 activity
failed to activate N-SMase and were resistant to apoptosis induced by TNF-«. On
the other hand, restoration of cPLA2 by transfection enabled TNF-a to activate
N-SMase and to induce cell death (Jayadev et al., 1994).

A nuclear N-SMase has been reported in liver cells. The activation of this
enzyme generated Cer, but it did not induce apoptosis. Rather N-SMase
activation in liver cells due to TNF-a treatment results in cell proliferation
(Alessenko and Chatterjee, 1995) as well as LDL receptor upregulation via
stimulating the maturation of sterol regulatory element binding protein (Lawler
et al., 1998) in a cholesterol-independent fashion.

Recent studies have also suggested a potential role for intracellular oxidization
in the regulation of N-SMase. Thus, those reactions that lead to N-SMase
activation result in the decrease of the cellular level of glutathione, a major anti-
oxidant in a variety of cells (Obeid et al., 1993; Liu and Hannun, 1997; Liu et al.,
1998). On the other hand, an increase in the endogenous level of glutathione
results in a decrease in the N-SMase activity. These studies lead to the suggestion
that the N-SMase may serve as a sensor in oxidative stress. However, this study
needs to be investigated in copious detail to establish such a relationship.

4.2.4. Glucosylceramide hydrolase and lactosylceramide hydrolase

The cleavage of the B1-4 galactose residue in LacCer is carried out by a
B-galatosidase. A rather non-specific S-galatcosidase has been isolated, which not
only hydrolyzes LacCer but also several other GSLs having a -4 galactose
residue at the terminal end. On the other hand, glucosylceramide hydrolase, a
B-glucosidase has been isolated, purified and cloned and the absence of this
B-glucosylceramide hydrolase results in the accumulation of large amounts of
glycosylceramide in the spleen of patients in Gaucher’s disease, which is an
autosomal-recessive neurological disorder that may result in early death. Specific
inhibitors for the A-SMase, N-SMase, g-glucosylceramide hydrolase as well as the
LacCer hydrolase are not commercially available.

4.3. Alteration in sphingolipid degradation in atherosclerosis

Up to the date research indicates that the activity of LacCer hydrolase in
fibroblasts originating in urinary epithelial cells from patients with familial
hypercholesterolemia is within the normal range and is not changed upon
incubation of cells with LDL (Chatterjee et al., 1986). Whether other SM/GSL
degradative enzymes are altered in atherosclerosis is not known.

5. Functional role of selected sphingolipids in atherosclerosis

In this section, we will present the current understanding of the role of Cer,
S-1-P, and LacCer in atherosclerosis. While most of the information was
generated employing cultured human vascular cells, these findings may well have
implications in vivo in the vascular wall.
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5.1. Ceramide

One of the seminal findings in the sphingolipid field in the past decade has been
the demonstration that Cer can serve as an anti-proliferative and pro-apoptotic
agent in a variety of mammalian and nonmammalian cultured cells including
vascular cells (Obeid et al., 1993). Another important and associated finding was
the establishment of structure—function relationships with regard to Cer and
apoptosis. The double bond in the p-erythro-Cer molecule was found to be critical
in apoptosis, whereas the p-erythro-dihydro ceramide that did not contain the
double bond failed to induce apoptosis in cultured mammalian cells. Other
functional roles assigned to Cer include cell senescence and differentiation. Exactly
how Cer induces apoptosis is not known. However, data from a variety of studies
have suggested that Cer generated through the action of neutral sphingomyelinase
may well participate in reactions that lead to the activation of caspases, in
particular caspase 3 directly, which may in turn execute the cell death process
(Fig. 3). Alternatively, Cer generated/delivered in the mitochondria may result in
the release of cytochrome c. Such cytochrome c¢ activates caspase-9 and that in
turn may lead to apoptosis. In human aortic smooth muscle cells the addition of
exogenous membrane permeable forms of ceramide induces apoptosis (Chatterjee
et al., 1999).

There may be a dichotomy with regard to apoptosis induced by exogenously
supplied Cer from the endogenously generated Cer produced via the action of
ox-LDL and TNF-a on N-SMase/A-SMase. In vascular cells of human origin, but
not in other cells (Andrieu-Abadie et al., 2001), Cer does not generate ROS in
sufficient amounts to induce apoptosis. Rather, Cer may be converted to LacCer
and GDj that produce O; and NO, and peroxynitrite, respectively; peroxynitrite
can induce apoptosis (Bhunia et al., 2002). Additional studies have suggested that
overexpression of GDj5 synthases and the use of GD5; and/or the exogenous supply
of LacCer can also induce apoptosis (Maria et al., 1997; Fukumoto et al., 2000).
The direct role of mitochondria in LacCer and GD; induced apoptosis in liver
cells as well as mitochondria isolated from liver has been documented (Garcia-
Ruiz et al., 2000; Colell et al., 2001). The recruitment of A-SMase initially fol-
lowing Sindbis virus infection to generate Cer and the subsequent activation of
N-SMase that provides a sustained increase in Cer results in apoptosis (Jan et al.,
2000).

There are several signaling cascades involving Cer and the relevance of the
signaling pathways in terms of modern biology and/or vascular biology needs to
be examined further. For example, Cer has several targets in the cell. These
include Cer activated protein kinases (CAPK), Cer-activated protein phosphatases
(CAPP), PKC-, and cathepsin D. These are serine-threonine protein phosphatases:
PP1 and PP2a (Chalfant et al., 2000). Potential substrates for CAPP include PKC-
a, C2, PKB/Akt and bcl-2, c-jun as well as the retinoblastoma gene product. In
contrast, CAPK was shown to be a kinase activator of Ras that may mediate the
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effect of Cer on the mitogen activated protein kinase. Cer also directly activates
PKC- and that in turn has an effect on the SAPK/JNK signaling in stress-induced
apoptosis (Verheij et al., 1996; Bourbon et al., 1998). The activation of cathepsin
D by Cer but not sphingosine has also been shown (Fig. 3).

5.2. Sphingosine-1-phosphate

Another exciting and seminal finding in the field of sphingolipid biology has
been the discovery that S-1-P serves as a proliferative and anti-apoptotic agent
(Lee et al., 1998). Even more interesting and exciting finding was that S-1-P
induced angiogenesis (Lee et al., 1998). Angiogenesis is a biological phenomenon
that involves the formation of new blood vessels from preexisting ones.
Angiogenesis is a normal physiological process but it is also implicated in wound
healing, embryonic development, and in the pathology in diabetic retinopathy,
rheumatoid arthritis, and tumor growth as well as in cardiovascular disease.
However, little is known regarding the role of S-1-P in cardiovascular
angiogenesis. S-1-P is most probably released from platelets into the plasma due
to a thrombotic reaction. How S-1-P associates with lipoproteins or exists freely
in plasma is not known. Some of the major players in angiogenesis include
VEGF, platelet activation and hypoxia (Fig. 4). All of these activators of
angiogenesis may activate ceramidase, which in turn converts Cer to S-1-P and
in the presence of sphingosine kinase, sphingosine is converted into S-1-P. S-1-P
interactions with endothelial differentiation genes (EDG), a family of G protein
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Fig. 4. Signal transduction pathway by which sphingosine-1-phosphate induces angiogenesis.
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receptors, have been suggested to activate the expression of the VEGF and
induce angiogenesis. S-1-P has also been implicated in endothelial cell prolifera-
tion and migration as well as cytoskeletal changes. One of the most important
aspects of the activation of these receptors include the participation of pertusis
toxin-sensitive Gi protein. Recently, analogs of S-1-P receptors have become
available and may be useful in determining the role of S-1-P in the trans-
epithelial migration of lymphocytes (Mandala et al., 2002).

5.3. Lactosylceramide

LacCer is another sphingoglycolipid that has been implicated in modulating
phenotypic changes in vascular cells such as the human aortic smooth muscle
cells, human endothelial cells, and human neutrophil/monocytes.

5.3.1. TNF-« recruits LacCer to induce ICAM-1 expression and
cell adhesion in endothelial cells

In human endothelial cells, TNF-a can activate LacCer synthase to generate
LacCer. In turn, LacCer activates NADPH oxidase implicated in the generation
of reactive oxygen species such as superoxide (O57). In human umbilical vein
endothelial cells, O3 serves as a critical biological sensor that activates a nuclear
transcription factor (NF-kB) that ultimately leads to the overexpression of
ICAM-1. Interestingly, although TNF-« stimulated the expression of V-CAM-I1
and E-selectin in addition to ICAM-1, LacCer specifically stimulated the
expression of ICAM-1 and the adhesion of neutrophils/monocytes to endothelial
cells (Bhunia et al.,, 1998). Most importantly, this phenotypic change was
abrogated by D-PDMP an inhibitor of LacCer synthase (Fig. 5).

5.3.2. Shear stress recruits LacCer to induce ICAM-1 expression and cell adhesion

In addition to the well-known traditional risk factors such as ox-LDL and
TNF-o, hemodynamic factors such as shear stress may also contribute to the
initiation and progression of atherosclerosis. One of the underlying mechanisms in
this pathogenesis may involve the induction of cell adhesion molecule expression
such as ICAM-1 that also is oxidant-sensitive and recruits NF-kB (Yeh et al.,
2001). In human umbilical vein endothelial cells, fluid shear stress (20 dynes/cm?)
activated LacCer synthase to generate LacCer. In turn, LacCer activated the
“oxygen-sensitive’’ signaling cascade above to stimulate the expression of ICAM-1
and the adhesion of monocytes/neutrophils. Interestingly, the shear stress-induced
phenotypic change was completely abrogated by D-PDMP and partially by the
antioxidant N-acetylcysteine. In contrast, L-PDMP, an activator of LacCer
synthase, stimulated LacCer production, O, generation, and ICAM-1 expression.
Thus, hemodynamic factors such as fluid shear stress can, independent of other
risk factors in atherosclerosis, contribute to ‘“endothelial dysfunction” via
involving LacCer and thus contribute to the initiation and progression of
atherogenesis.
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5.3.3. LacCer stimulates the expression of CD11b/CDI8 (Mac-1) in
human neutrophils/monocytes and adhesion

Neutrophils/monocytes circulating in the blood deploy cell adhesion molecules
such as CD11b/CD18 or Mac-1 that serve as ligands that bind to ICAM-1
expressed on the surface of endothelial cells. By way of increasing the expression
of Mac-1, LacCer stimulates neutrophil/monocyte adhesion to endothelial cells
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(Arai et al., 1998). However, this signaling cascade does not recruit reactive
oxygen species. Rather, in human neutrophils LacCer activates phospholipase A2
to generate arachidonic acid from phosphatidylcholine to stimulate Mac-1
expression and the adhesion of neutrophils/monocytes to endothelial cells (Fig. 5).

5.34. LacCer stimulates aortic smooth muscle cell proliferation

Although the mechanisms by which LacCer may contribute to cell proliferation
in vivo is not known, our current understanding, which is based on cell culture
studies, is as follows. LDL taken up by endothelial cells may undergo oxidation in
the sub-endothelial space. Such minimally modified LDL and/or oxidized LDL
can stimulate the activity of LacCer synthase to generate LacCer in aortic smooth
muscle cells (Chatterjee, 1992; Balagopalakrishna et al., 1997; Chatterjee, 1997;
Chatterjee et al., 1997b; Pyne and Pyne, 2000). Next, LacCer serves as a lipid
second messenger that activates an ‘“‘oxygen sensitive signal transduction
pathway.” The redox-regulated signaling by LacCer in the proliferation of human
aortic smooth muscle involves p21™%, GTP loading and activation of kinase
cascade including MEK-1 and p44 mitogen-activated protein kinase (Chatterjee,
1991; Bhunia et al., 1996; Chatterjee et al., 1997b). Upon phosphorylation the
cytosolic p**MAPK is transported to the nucleus wherein it activates c-fos as well
as cyclin expression that eventually leads to the proliferation of aortic smooth
muscle cells (Fig. 5). Several interesting features relevant to this phenotypic change
are as follows. First, the signaling cascade mentioned above activated in cells
incubated with oxidized LDL can be abrogated by the pre-incubation of cells with
D-PDMP and was bypassed by pre-incubation of cells with LacCer but not other
sphingolipids except GDj3. Second, this signaling cascade was mediated specifically
by lactosylceramide and not by its breakdown products such as glucosylceramide,
Cer, and/or sphingosine and fatty acids (Chatterjee, 1990). Third, the in vivo
relevance of this study is evident by the observation that the level of LacCer as
well as the activity of LacCer synthase are markedly increased in human
atherosclerotic plaques as compared to normal vascular walls (Chatterjee et al.,
1997a) and in other hyperproliferative disorders such as human and mouse
polycystic kidney disease (Chatterjee et al., 1996b) and human kidney tumor cells
(Chatterjee, 1993a). Additional growth factors such as PDGF, EGF, and FGF
were all shown to target LacCer synthase to generate LacCer and induce cell
proliferation in H-ASMC as well as in other human cells (Chatterjee, 1998).

Cigarette smoking is an independent risk factor in atherosclerosis as well as
lung cancer. One of the major components in cigarette smoke that contributes to
its deleterious effect is nicotine. Nicotine, like oxidized LDL, can stimulate the
activity of LacCer synthase in human aortic smooth muscle cells and contribute to
their proliferation. In addition, nicotine stimulates the expression of monocyte
chemotatic protein (MCP-1) and this was abrogated by pre-incubation of cells
with D-PDMP (Williams and Chatterjee, 2002). Since MCP is implicated in the
diapedesis of monocytes, the findings above may have relevance in atherogenesis
in vivo.
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6. Conclusion

Oxidative stress, an excess production of reactive oxygen species, plays a critical
role in different pathological conditions such as atherosclerosis, cancer, and
arthritis. By virtue of being rapidly diffusible through cell membranes, the reactive
oxygen species can impact upon many critical phenotypic changes, including
induction of growth, regulation of kinase activity, and the activation of
endothelial-derived relaxation factor NO. Moreover, the interplay of reactive
oxygen species such as O3~ and NO produced in response to the treatment of cells
with GD3 can generate peroxynitrite that in turn may lead to programmed cell
death (Bhunia et al., 2002). Thus, reactive oxygen species can function as
intracellular and intercellular second messengers transducing receptor stimulation
activation/phosphorylation into a biochemical response. The evidence put forth
above using various sphingolipids suggests that S-1-P and LacCer recruit reactive
oxygen species as signaling messengers to activate transcription factors and gene
expression that eventually contribute to cell proliferation, cell adhesion, and
programmed cell death. Therefore, the interplay of the lipid second messengers
that up or down-regulate reactive oxygen species production allows a cell to
determine which phenotypic change to pursue. Finally, the integration of the
responses of the sphingolipid messengers that elicit independent phenotypic
changes in cells of the vascular wall may help us understand the role of these
molecules in vascular biology and in the pathogenesis in atherosclerosis.
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1. Sphingolipid metabolism and ceramide signaling

Sphingolipids are a prominent type of membrane lipid in eukaryotic cells and
are particularly abundant in the nervous systems of mammals. Among the
different sphingolipids, sphingomyelin has recently received considerable attention
because of emerging evidence that it plays important signaling roles in many
different cell types (Perry and Hannun, 1998). Sphingomyelin consists of a glycerol
backbone with a phosphocholine zwitterionic dihydrophilic headgroup and two
long hydrocarbon chains that form a dydrophobic domain. The hydrocarbon
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chains of sphingolipids are longer (>20 carbons) and contain more saturated
bonds than that present in phosphatidylcholine. Sphingolipids play important
roles in the biophysical properties of membranes and, in particular, the large
disparity in the lengths of the two chains of sphingomyelin allows for interdigita-
tion between the hydrocarbons in the two opposing monolayers of the phospho-
lipid bilayer, thereby providing a means for coupling phase separation with the
marked curvature of cell membranes (Levin and Katzen, 1985). Together with
their low Tm, which is near body temperature, the unique properties of
sphingomyelins allow them to play important roles in the formation of specialized
domains in membranes such as lipid rafts. The first step in the synthesis of
sphingolipids is catalyzed by serine palmitoyltransferase (SPT), an enzyme that
generates 3-ketosphingosine from palmitoyl-CoA (acyl) and serine (Fig. 1).
Additional biosynthetic steps result in formation of dihydroceramide and
ceramide. Sphingomyelin synthase then catalyzes the formation of sphingomyelin.
In addition to making important contributions to the biophysical properties
of cell membranes and to dynamic features of specialized membrane domains such
as lipid rafts (Dobrowsky, 2000), sphingolipids are now known to serve important
roles in signal transduction. It has been known for more than four decades that
membrane receptors for neurotransmitters and hormones that are coupled to
certain GTP-binding proteins can activate phospholipase C resulting in the
cleavage of phosphatidyl inositol bis-phosphate and the release of diacylglycerol
and inositol trisphosphate; diacylglycerol activates protein kinase C, while inositol
trisphosphate induces calcium release from intracellular stores (Rebecchi and
Pentyala, 2000). In addition, phospholipase-A2 hydrolyzes the acyl group of
glycerophospholipids at the sn-2 position resulting in the release of free fatty acids
and lysophospholipids, which can be further metabolized to bioactive lipid
mediators including platelet activating factor, eicosanoids and lysophosphatidic
acid (Farooqui et al., 1997). Similarly, several different intercellular signals and
cell stressors can activate one or more enzymes that hydrolyze sphingomyelin
resulting in the release of bioactive messenger molecules within the cell.
Spingomyelin can be cleaved by two different classes of sphingomyelinases, acid
sphingomyelinase (aSMase) and neutral sphingomyelinase (nSMase), resulting in
the release of ceramide. Neutral sphingomyelinases are thought to be primarily
responsible for hydrolysis of sphingomyelin in the plasma membrane, but may
also function in the endoplasmic reticulum Golgi (Tomiuk et al., 2000). Consistent
with a major role for nSMases in cell surface receptor-mediated signaling, nSMase
colocalizes with sphingomyelin in membrane lipid rafts (Veldman et al., 2001).
Two different neutral sphingomyelinases have been identified; one is widely
expressed, whereas a second (nSMase2) is expressed mainly by neurons (Hofmann
et al.,, 2000). Acidic sphingomyelinases cleave sphingomyelin located in the
endoplasmic reticulum and lysosomes (Monney et al., 1998). At least two different
forms of aSMase, arising from a common precursor protein, exist and appear to
have distinct subcellular localizations (Ferlinz et al., 1994). Cleavage of
sphingomyelin by SMases results in the release of ceramide, a bioactive lipid
mediator which, as will be described below, has been shown to exert profound
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Fig. 1. Sphingolipid metabolism and ceramide signaling mechanisms. Sphingomyelin is synthesized in
a series of enzymatic steps beginning with formation of 3-ketosphingosine from serine and palmitoyl
CoA catalyzed by the enzyme serine palmitoyl CoA transferase (SPT). Ceramide is an intermediate
in sphingomyelin synthesis and can also be rapidly formed by the hydrolysis of sphingomyelin by
acidic sphingomyelinase (aSMase) and neutral sphingomyelinase (nSMase). Signals that activate
SMases include cytokines, growth factors, cell adhesion molecules (CAMs) and oxyradicals. Ceramide
stimulates several different signaling pathways. It can activate kinases such as ceramide-activated
protein kinase (CAPK), Raf and mitogen-activated protein kinases (MAPK). Ceramide can also activate
protein phosphatases such as ceramide-activated protein phosphatase (CAPP) and protein phosphatase-1
or protein phosphatase-2A (PP2A). In addition, ceramide may activate other enzymes including caspases
and cathepsin D. Finally, ceramide can be metabolized to produce sphingosine-1-phosphate, an important
intracellular messenger. By affecting the expression and/or function of various proteins ceramide can serve
as a mediator of a variety of adaptive cellular responses to physiological signals and cell stress. On the
other hand, ceramide may induce cell dysfunction and death, either through some of the same pathways
that normally regulate adaptive responses, or through other pathways, such as direct engagement of
apoptotic cascades in mitochondria. CS, ceramide synthase; FA, fatty acids.

effects on various cellular processes. Both nSMase and aSMase can be activated
by cytokines such as TNF and various types of stresses including oxidative and
metabolic insults (Cifone et al., 1994; Wiegmann et al., 1994).

Neutral SMase is associated with plasma membranes and is activated in
response to a variety of stimuli including tumor necrosis factor-o (TNFw), Fas
ligand and vitamin D (Hannun and Obeid, 1997; Kronke, 1999). Presumably,
activation of neutral SMase results in local production of ceramide at that
membrane site. The regulation of neutral SMase is not yet fully understood, but
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may require arachidonic acid and soluble phopsholipase-A2 (Jayadev et al., 1994).
Interestingly, neutral SMase activity is also modulated by cellular redox state,
with glutathione being a prominent negative regulator of enzyme activity (Liu and
Hannun, 1997).

A quite extensive body of literature now suggests that ceramide, liberated as a
result of activation of SMase or produced de novo, is an important intracellular
messenger that serves multiple physiological roles including the regulation of cell
proliferation, differentiation and survival (Billis et al., 1998; Alessenko, 2000).
Several different putative effector protein targets of ceramide have been identified
(Fig. 1) including a ceramide-activated protein kinase (CAPK), a ceramide-
activated protein phosphatase, protein phosphatase-1, cathepsin D and caspases
(Dobrowsky et al., 1993; Wolff et al., 1994; Smyth et al., 1996; Zhang et al., 1997,
Mathias et al., 1998; Heinrich et al., 2000). In addition, ceramide can be
metabolized to produce sphingosine and sphingosine-1-phosphate, the latter
compound being an important regulator of cellular calcium homeostasis, prolifera-
tion and survival (Spiegel and Milstien, 2000). By activating one or more of these
pathways ceramide can affect the function of various cellular proteins via changes
in phosphorylation, and can regulate gene expression via the activation or
inhibition of transcription factors.

2. Roles of ceramide signaling in neuroplasticity in the developing and
adult nervous system

During the development of the nervous system, neural progenitor cells divide
and then differentiate into neurons and glial cells. Neurons grow axons and
dendrites and form synaptic connections. In addition, programmed cell death
occurs largely during a time window in which synaptic connections are being
formed. Information is beginning to emerge concerning changes in sphingolipid
metabolism during development of the nervous system and the roles of sphing-
loipid signaling in the processes of neuronal differentiation and survival. Data
suggests that the levels, and possibly the membrane localization, of sphingolipids
change during development of neurons. For example, levels of ceramide in
sphingolipid-rich membrane domains increases during the maturation of cultured
cerebellar granule neurons (Prinetti et al., 2001). Studies of the development of
glucosylceramide synthase deficient mice, and of embryonic stem cells deficient in
this enzyme, suggest that the synthesis of glycosphingolipids, and presumably
sphingolipid signaling, is essential for embryonic development and the differentia-
tion of cells in many different tissues (Yamashita et al., 1999). The possible roles
of sphingolipid metabolism and ceramide signaling in the regulation of neural
stem cells have not been studied. One study did, however, document an increase
in levels of sphingomyelin during the differentiation of cultured oligodendrocytes
(Nakai et al., 2000).

Ceramide may mediate several biological actions of neurotrophic factors and
cytokines on neurons in the developing and adult nervous system. For example,
ceramide production is increased in cultured hippocampal neurons exposed to
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nerve growth factor (NGF) and may mediate the stimulatory effects of NGF on
neurite outgrowth (Brann et al., 1999). On the other hand increases in ceramide
production were linked to inhibition of neurite outgrowth in cultured rat
sympathetic neurons (de Chaves et al., 1997). The effect of ceramide on axon
outgrowth of cultured sympathetic neurons is not due to a toxic effect and is
associated with decreased cellular uptake of NGF (de Chaves et al., 2001). Low
concentrations of ceramide promoted cell survival and stimulated the outgrowth
of dendrites in cultured embryonic hippocampal neurons (Mitoma et al., 1998).
Thus, ceramide may be an important intracellular messenger that regulates neurite
outgrowth and synaptogenesis.

Apoptosis is a form of programmed cell death that occurs in neurons during
normal development of the nervous system. Ceramide can induce apoptosis in
many different types of cells including neurons. Levels of ceramide in the
developing embryonic mouse brain increase during a time period when neuronal
differentiation and programmed cell death are occurring (Bieberich et al., 2001).
Ceramide induces mitochondrial membrane depolarization and cytochrome
¢ release resulting in caspase activation; it may act directly on mitochondria or
may modify proteins that regulate mitochondrial apoptotic changes (Garcia-
Ruiz et al., 1997; Ruvolo et al., 1999). Overexpression of sialyltransferase-II in
cultured embryonic brain cells decreased the levels of the proapoptotic protein
prostate apoptosis response-4 (Par-4) and increased the resistance of the cells to
ceramide-induced apoptosis. Par-4 is an important mediator of developmental
neuronal death (Chan et al., 1999) and is implicated in the neuronal deaths that
occur in Alzheimer’s disease (Guo et al., 1998), Parkinson’s disease (Duan et al.,
1999), stroke (Culmsee et al., 2001a) and amyotrophic lateral sclerosis (Pedersen
et al., 2000). Interestingly, although ceramide induces apoptosis, it can also
activate the antiapoptotic transcription factor NF-«B (Mattson et al., 1997; Wang
et al., 1999), whereas Par-4 inhibits NF-«kB (Camandola and Mattson, 2000).
Recent studies have shown that ceramide mediates apoptosis of diffentiating
neurons (Herget, et al., 2000) suggesting an important role in natural cell death of
neurons during development.

The upstream and downstream events of ceramide production in apoptotic
cascades are being revealed. In cerebellar granule neurons ceramide-induced death
involves activation of p38 MAP kinase (Willaime et al., 2001). The mechanisms
by which ceramide induces apoptosis are beginning to be elucidated. It may
stimulate the activation of caspases by one or more mechanisms including direct
interactions. Ceramide may also suppress anti-apoptotic signaling pathways. For
example, it was reported that ceramide can inhibit Akt kinase, a protein that
mediates cell survival signaling in many different cell types including neurons
(Zhou et al., 1998).

Sphingolipid signaling may also play important roles in synaptic plasticity in
the adult nervous system. For example, it was reported that application of the
ceramide analog N-acetyl-D-sphingosine to hippocampal slices from adult rats
results in a long depression of synaptic transmission by a mechanism that may
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involve protein phosphatase-mediated dephosphorylation of ionotropic glutamate
receptors (Yang, 2000). Application of C2-ceramide to rat hippocampal slices
resulted in an attenuation of the expression of long-term potentiation (Coogan
et al., 1999).

3. Sphingolipid metabolism in normal aging

The majority of studies of membrane lipids during aging have focused on
tissues other than the nervous system including liver and muscle. There is a
decrease in membrane fluidity during aging, which may result from increased
content of cholesterol and decreased content of unsaturated fatty acids (Hegner,
1980). Analyses of the lipid composition of brain cell membranes during aging
have revealed increases in cholesterol and sphingomyelin content (Shinitzky,
1987). The age-related increases in sphingomyelin content vary across brain
regions (Giusto et al., 1992). Also consistent with age-related alterations in
sphingolipid-containing lipid rafts are studies documenting impaired coupling of
muscarinic cholinergic receptors to phosphoinositide signaling in cerebral cortical
and hippocampal membranes from aged rats (Ayyagari et al., 1998). Ceramide
levels increase during senescence of fibroblasts, and exposure of low passage
(young) fibroblasts to ceramide induces senescence-like changes including cell cycle
arrest and increased expression of beta-galactosidase (Mouton and Venable, 2000).
We have found that levels of long-chain ceramides increase in the brains of mice
during aging (Fig. 2).

4. Involvement of perturbed sphingolipid metabolism and ceramide production in
neurodegenerative disorders

The evidence that alterations in sphingolipid metabolism and ceramide signaling
occur during normal aging, suggests a possible role for such alterations in the
pathogenesis of age-related disease. Accumulating data from analyses of post-
mortem tissues from patients, and experiments in animal and cell culture models,
support involvement of perturbed sphingomyelin metabolism and ceramide
signaling in several different neurodegenerative disorders. The remainder of this
chapter will be devoted to a review of the emerging evidence suggesting that
sphingomyelin alterations play important roles in dysfunction and death of
neurons in pathological conditions, and that normalizing these alterations may
prove effective in preventing and treating one or more of the diseases.

5. Niemann-Pick disease

A deficiency of aSMase causes Niemann—Pick disease in humans, a disorder
characterized by progressive accumulation of sphingomyelin in neurons resulting
in their dysfunction and degeneration (Elleder, 1989; Kolodny, 2000). Mice
deficient in aSMase develop normally for approximately 4 months and then
exhibit a progressive ataxia which is associated with degenerative changes in the
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Fig. 2. Levels of long chain ceramides increase in the brain during normal aging. Representative
electrospray ionization tandem mass spectrometry chromatograms showing ceramides in a samples from
the hippocampus of a 6-month-old mouse and a 26- month-old mouse. Note that levels of C24:0 ceramide
and C24:0 galactosylceramide are increased in the sample from the old mouse compared to the young

mouse.
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cerebellum (Horinouchi et al., 1995). Several aspects of the abnormalities in
human Niemann-Pick patients also occur in aSMase knockout mice including:
degeneration of cerebellar Purkinje neurons; excessive accumulation of sphin-
gomyelin in the liver, spleen and brain; and motor dysfunction (Otterbach and
Stoffel, 1995). In one line of aSMase knockout mice overt degeneration of
cerebellar Purkinje cells was evident in two month-old mice; in six month-old mice
nearly all Purkinje cells in the anterior lobe had degenerated and by 8 months
essentially all Purkinje cells in the cerebellum had died (Sarna et al., 2001).

Cells in numerous tissues of aSMase deficient mice are defective in apoptosis;
for example, radiation-induced damage to lung cells is markedly increased and
this resistance to cell death is associated with lack of an increase in ceramide levels
in lung tissue (Santana et al., 1996). The neurological abnormalities in Niemann-
Pick disease may result, in part, from an autoimmune response and/or
hyperactivation of microglia because bone marrow transplantation can delay the
onset of neurological dysfunction in aSMase deficient mice (Miranda et al., 2000).

6. Ischemic stroke

Stroke is a leading cause of morbidity and mortality in the elderly worldwide.
A stroke results from occlusion or rupture of a cerebral blood vessel, and is
typically anteceded by atherosclerosis and/or hypertension (Tegos et al., 2000).
The degeneration of neurons following a stroke involves metabolic compromise
(ATP depletion), oxyradical production, overactivation of glutamate receptors
resulting in calcium overload (Fig. 3). These events result in either necrosis or
apoptosis depending upon the severity and duration of the ischemia. Typically
neurons in the central core of the ischemic infarct die rapidly (minutes to hours)
by necrosis, whereas neurons in the surrounding penumbral region undergo
apoptotic death that occurs over periods of days to weeks (Mattson et al., 2000).
Studies in cell culture and in vivo models of ischemic neuronal injury have shown
that pharmacologic and genetic manipulations known to inhibit key steps in
apoptosis can protect neurons in the ischemic penumbra. Examples include agents
that inhibit caspases or mitochondrial permeability transition pores and over-
expression of antiapoptotic genes such as those encoding BCL-2 or inhibitor of
apoptosis proteins (Robertson et al., 2000).

A considerable evidence suggests that ceramide production contributes to
myocardial ischemia-reperfusion injury (Gottliecb and Engler, 1999). Studies of
aSMase-deficient mice have provided strong evidence that ceramide production
contributes to neuronal apoptosis following a stroke. Transient occlusion of the
middle cerebral artery in wild-type mice resulted in a large increase in aSMase
activity, ceramide production and expression of inflammatory cytokines such as
tumor necrosis factor and interleukin-1beta, but not in aSMase knockout mice
(Yu et al., 2000). The amount of ischemic brain damage was decreased and
behavioral outcome was improved in aSMase-deficient mice. The latter findings
establish a pivotal role for aSMase in the activation of inflammatory cytokine
cascades in response to brain injury, and in the ensuing apoptosis of neurons. In
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Fig. 3. Working model of the mechanisms responsible for neuronal dysfunction and death in AD, PD,
stroke and ALS. Events occurring during normal aging promote neuronal degeneration; these include
increased oxidative stress and metabolic compromise. Disease-specific genetic and environmental factors
can trigger the neurodegenerative process in specific populations of neurons. For example, mutations
in the presenilin and amyloid precursor protein (APP) genes result in increased amyloid production in
Alzheimer’s disease, environmental toxins may promote degeneration of dopaminergic neurons
in Parkinson’s disease, occlusion of cerebral blood vessels (CBV) causes a stroke, and mutations in Cu/
Zn-superoxide dismutase can cause amyotrophic lateral sclerosis (ALS). Aging and disease-specific factors
result in increased oxidative stress and perturbed cellular calcium homeostasis in neurons. The latter events
can result in altered sphingomyelin metabolism and increased ceramide production. Dysregulation of
sphingolipid signaling may combine with cellular stress to trigger synaptic dysfunction and cell death
cascades.

addition, treatment of wild-type mice with D-609, an agent that inhibits Smase,
reduced ischemia-induced ceramide and cytokine production and reduced brain
damage (Yu et al., 2000). Moreover, the immunosuppressant agent FK506 inhibits
both ceramide production and apoptosis signaling in a rat model of focal cerebral
ischemia-reperfusion injury (Herr et al., 1999). These findings suggest that drugs
that inhibit sphingomyelin hydrolysis may prove beneficial in stroke patients.
Although the majority of data suggests a role for ceramide as a proapoptotic
signal, under some conditions ceramide may prevent neuronal death. For example,
cultured hippocampal neurons pretreated with low (nanomolar) concentrations of
C-6 ceramide exhibited increased resistance to death induced by glutamate, iron
and amyloid beta-peptide (Goodman and Mattson, 1996). In a rat model of
neonatal cerebral hypoxia-ischemia, intraventricular infusion of C2-ceramide
resulted in a decrease in cortical infarct volume (Chen et al., 2001). Similarly,
intraventricular infusion of C2-ceramide reduced cortical infarct volume when
administered prior to permanent middle cerebral artery occlusion in spontaneously
hypertensive adult rats (Furuya et al., 2001). The latter studies suggested that
ceramide may induce a preconditioning effect by activating a stress response.
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However, the studies of aSMase deficient mice (Yu et al., 2000) strongly suggest
endogenous ceramide induction during ischemia/reperfusion.

7. Alzheimer’s disease

Alzheimer’s disease (AD) is characterized by the degeneration and death of
neurons in brain regions involved in learning and memory processes, such as the
hippocampus and cerebral cortex. The major histological abnormalities in the
brains of AD patients are the extracellular accumulation of insoluble aggregates
of a protein called amyloid beta-peptide, and the intracellular aggregation of the
microtubule-associated protein tau in degenerating neurons. While most cases
of AD have no clear genetic basis, some cases are inherited in an autosomal
dominant manner, and three different genes have been identified in which
mutations cause AD, namely, presenilin-1, presenilin-2 and amyloid precursor
protein (Mattson, 1997). The neurodegenerative process in AD involves oxidative
stress, metabolic compromise and disruption of neuronal calcium homeostasis; it
is believed that apoptotic and excitotoxic cascades are involved in the death of
neurons in AD (Mattson, 1997, 2000). A clue suggesting a possible link of altered
sphingomyelin metabolism to AD comes from reports that some patients with
Niemann-Pick disease exhibit dementia as a prominent symptom (Hulette et al.,
1992). A clue suggesting a possible link of altered sphingomyelin metabolism to
AD comes from reports that some patients with Niemann-Pick disease exhibit
dementia as a prominent symptom (Hulette et al., 1992). Moreover, neurofibrillary
tangles were present in the entorhinal cortex, cingulated cortex and associated
regions of the brains of patients with slowly progressing forms of Niemann—Pick
disease (Suzuki et al., 1995).

The findings emerging from studies of the pathogenic actions of amyloid
beta-peptide add weight to the growing body of evidence implicating sphingolipid-
related membrane alterations in AD. Amyloid beta-peptide binds to gangliosides
in membranes, and this binding enhances peptide fibril formation (McLaurin and
Chakrabartty, 1996; Choo-Smith et al., 1997), suggesting a mechanism whereby
amyloid beta-peptide induces membrane damage (Mattson, 1997). Additional
studies have shown that amyloid beta-peptide and prion proteins undergo a
conformational transition upon interaction with sphingolipids; these amyloido-
genic peptides interact with sphingomyelin via V3-like domains (Mahfoud et al.,
2002). Thus, sphingomyelin may facilitate the adoption of pathogenic fibril-
forming conformations of amyloid peptides. This is particularly interesting
because amyloid beta-peptide has been shown to disrupt membrane signal
transduction processes present in sphingomyelin-containing lipid rafts. For
example, amyloid beta-peptide impaired coupling of muscarinic cholinergic
receptors, metabotropic glutamate receptors and thrombin receptors to the
GTP-binding protein Gqll (Kelly et al., 1996; Mattson and Begley, 1996; Blanc
et al., 1997). Finally, the detergent-insoluble low density membrane fraction from
the brains of presenilin-2 mutant mice contained higher levels of amyloid beta-
peptide1-42 and lower levels of sphingomyelin than did the same membrane
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fraction from wild-type mice (Sawamura et al., 2000). However, the consequences
of this alteration for sphingomyelin-mediated signaling is not known. The small
amount of preliminary data available, such as those just described, suggest that
alterations in the structure and signaling functions of lipid rafts may play
important roles in aging and age-related brain disorders including AD.

8. Parkinson’s disease

Parkinson’s disease (PD) is characterized by progressive degeneration of
dopamine-producing neurons in the substantia nigra resulting not only in motor
dysfunction, but also affecting other brain regions including limbic and cortical
regions that control emotions and learning and memory (Levin and Katzen,
1995). A small number of families with inherited forms of PD have been identified
in which mutations in the genes encoding either alpha-synuclein or Parkin are
responsible for the disease (Zhang et al., 2000). Interestingly, increasing evidence
suggests that environmental toxins including pesticides such as rotenone, may
increase risk for PD. Indeed, the most widely employed animal models of PD
involve administration of rotenone, MPTP and related mitochondrial toxins which
selectively destroy dopaminergic neurons in the substantia nigra. The neurodegen-
erative process in PD is believed to involve metabolic compromise (particularly
inhibition of mitochondrial complex I), oxidative stress and activation of apoptotic
death cascades (Duan et al., 1999; Zhang et al., 2000).

More than 30 years ago it was reported that sphingomyelin accumulated in
Lewy inclusion bodies, the hallmark lesions in the substantia nigra of PD patients
(den Jager, 1969). Surprisingly, however, there is very little information available
concerning the possible involvement of alterations in sphingolipid metabolism in
the pathogenesis of PD. C2-ceramide has been shown to induce oxyradical
production by mitochondrial complex I in differentiated PC12 cells, which appears
to be a pivotal event in apoptosis of these cells (France-Lanord et al., 1997).
Alpha-synuclein is a synaptic protein that is a major component of Lewy bodies
in PD, and some inherited forms of PD are caused by mutations in alpha-
synuclein. It was recently reported that wild-type alpha-synuclein can protect
cultured neuronal cells from apoptosis induced by ceramide, whereas mutant
alpha-synuclein did not protect the neurons (da Costa et al., 2000).

9. Amyotrophic lateral sclerosis

Patients with amyotrophic lateral sclerosis (ALS) manifest progressive degen-
eration of motor neurons in the spinal cord and brainstem resulting in paralysis
and death of the patients by respiratory failure (Haverkamp et al., 1995). While
the cause of most cases of ALS is unknown, a small number of families have been
identified in which the disease is inherited in an autosomal dominant manner as
result of mutations in the antioxidant enzyme Cu/Zn-SOD (Cudkowicz et al.,
1997). Transgenic mice expressing the same Cu/Zn-SOD mutations exhibit
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histopathological and clinical phenotypes remarkably similar to ALS patients
(Del Canto and Gurney, 1995). Data obtained from studies of patients, Cu/Zn-
SOD mutant mice and cultured neurons suggests that the pathogenic mechanism
responsible for motor neuron degeneration involves oxidative stress (Ferrante
et al., 1997, Pedersen et al., 1998), overactivation of glutamate receptors
(Rothstein et al., 1995; Kruman et al., 1999) and a form of progammed cell death
called apoptosis (Pedersen et al., 2000; Sathasivam et al., 2001). Exposure of
cultured rat spinal cord neurons to a ceramide analog, promoted cell survival at
low concentrations, but induced apoptosis at higher concentrations (Iric and
Hirabayashi et al., 1998).

We have discovered quite striking abnormalities in sphingolipid and cholesterol
metabolism in the spinal cords of ALS patients and in a Cu/Zn-SOD mutant
transgenic ALS mice (Cutler et al., 2002). Mass spectrometry analyses revealed
increased levels of sphingomyelin and long-chain ceramides in spinal cord tissue
from ALS patients and ALS mice (Cutler et al.,, 2002). The accumulation of
ceramides preceded any evidence of motor dysfunction in the ALS mice suggesting
a possible contribution of ceramide to the degeneration of motor neurons.
Previous studies have shown that increased levels of oxidative stress occur in
spinal cord cells very early in the disease process (Ferrante et al., 1997; Pedersen
et al., 1998), while other studies have shown that oxidative stress can induce
sphingomyelin metabolism and ceramide production (Fernandez-Ayala et al.,
2000). Exposure of cultured motor neurons to oxidative stress increased the
accumulation of sphingomyelin, ceramides and cholesterol esters, and inhibition of
sphingomyelin synthesis with myriocin prevented accumulation of ceramides and
protected motor neurons against death induced by oxidative and excitotoxic
insults (Cutler et al., 2002). These findings suggest that altered sphingomyelin
metabolism and excessive accumulation of ceramide in motor neuron plays an
important role in the pathogenesis of ALS.

10. Conclusions and implications for successful brain aging strategies

Sphingomyelin metabolites, particularly ceramide and sphingosine-1-phosphate,
are becoming firmly established as mediators of neuronal plasticity and survival,
and perturbations in sphingomyelin metabolism is increasingly recognized for its
contributions to the pathogenesis of neurological disorders. Sphingolipid signaling
mediates cellular responses to a remarkable array of growth factors, cytokines and
neurotransmitters, but is also a prominent mediator of responses oxidative and
metabolic stress. If alterations in sphingolipid do indeed play major roles in aging
and age-related disease, then one goal of research on this fascinating signaling
system is to identify ways to maintain the beneficial functions of sphingolipid
metabolism, while preventing pathological alterations in this system. In this
regard, pharmacological agents that target specific molecules in sphingomyelin
metabolism and ceramide signaling would be valuable. For example, one approach
to preventing unwanted cell death-mediated sphingomyelin metabolites is to
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inhibit sphingomyelin synthesis. One such chemical inhibitor of serine palmitoyl
CoA transferase is meryocin (Miyake et al., 1995; Hanada et al., 2000), which has
proven effective in protecting motor neurons against death in experimental models
of ALS (Cutler et al., 2002). Steps downstream of ceramide production in
apoptotic cascades could also be targeted. For example, the tumor suppressor
protein p53 is an essential effector of ceramide-mediated apoptosis in some cell
types (Dbaibo et al.,, 1998), and chemical inhibitors of p53 have been
demonstrated to be effective in reducing neuronal degeneration in models of
stroke and AD in preclinical studies (Culmsee et al., 2001b).

A second approach is to manipulate sphingolipid metabolism through dietary
changes. The phospholipid and sphingolipid composition of cell membranes can
be modified by diet (Merrill et al., 1997; Cha and Jones, 2000). Interestingly,
decreased food intake decreases serine palmitoyl transferase activity and
sphingomyelin levels in young rodents (Rotta, et al., 1999). In addition, age
related increases in the ratio of sphingomyelin to phospatidylcholine in the
cerebral cortex were delayed or prevented in rats maintained on a calorie-
restricted diet (Tacconi et al., 1991). The latter findings are interesting because of
the extensive literature documenting antiaging effects of caloric restriction in
mammals. Moreover, recent studies have shown that dietary restriction can
protect neurons against age-related dysfunction and degeneration in experimental
models of AD, PD and stroke (Bruce-Keller et al., 1999; Duan and Mattson,
1999; Yu and Mattson, 1999; Zhu et al., 1999). The evidence described above
supporting a role for perturbed sphingomyelin metabolism in the pathogenesis of
neurodegenerative disorders, suggests a possible role for suppression of patholo-
gical sphingomyelin metabolism and ceramide signaling in the neuroprotective
effects of dietary restriction. Therefore, one approach for reducing one’s risk of
age-related neurodegenerative disorders is to reduce calorie intake throughout
adult life.
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drugs; PGHS: prostaglandin endoperoxide H synthase; PPAR: peroxisome
proliferator-activated receptor; PUFA: polyunsaturated fatty acids.

1. Introduction

Originally, the term eicosanoid (Greek eicosa = twenty) was coined to describe
all biologically active oxygenated metabolites of three 20 carbon polyunsaturated
fatty acids (PUFA); homo-y-linolenic acid (20:3n—6), arachidonic acid (20:4n—6),
and eicosapentaenoic acid (20:5n—3) (Corey et al., 1980). Typically, the term
eicosanoid now refers to biologically active metabolites of arachidonic acid (AA),
the most abundant PUFA in the membranes of human cells (Fig. 1). The
mammalian eicosanoid pathway encompasses two major enzyme families; the
lipoxygenases (LOX) that lead to synthesis of leukotrienes, and the cyclo-
oxygenases (COX) that lead to synthesis of prostaglandins and thromboxanes
(collectively termed prostanoids) (Funk, 2001). Although insects apparently also
possess a functional eicosanoid pathway (Chyb et al., 1999), insect eicosanoids
have for the most part been poorly characterized. For example, LOX and COX
genes have not been cloned in Drosophila (fruit fly), a typical animal model for
genomic studies. Generally, it has been believed that AA is not found in terrestrial
insects such as flies. Nevertheless, recent data indicate that fly tissue does contain
substantial amounts of this PUFA (Aliza et al., 2001).

The LOX family includes proteins encoded by multiple genes. For example, five
genes have been identified that express LOX proteins in humans and seven
homologs are characterized in mice. These enzymes oxygenate AA in a specific
manner (in the first step they add a hydroperoxide group to a select carbon atom
in the AA molecule); e.g., 5-LOX oxygenates AA at carbon-5 and produces
S-hydroperoxyeicosatetraenoic acid (5-HPETE) (Brash, 1999). Among various
LOX proteins, 5-LOX has been extensively studied and several of its unique
characteristics have been pointed out. Its activity appears to be susceptible to
modification by a complex protein—protein interaction that requires the presence
of an endogenous protein activator. This activator was termed the five-lipo-
xygenase-activating protein (FLAP) (Coffey et al., 1994; Steinhilber, 1999). In addition
to its well-described enzymatic activity, 5-LOX may have an additional and less
understood nonenzymatic function (Lepley and Fitzpatrick, 1994; Provost et al.,
1999; Manev et al., 2000b). The expression and the activity of LOX are tissue
specific; prominent CNS expression has been demonstrated for 5-LOX (Lammers
et al., 1996). In brain cells, the presence of 8-LOX (Jisaka et al., 1997) and
12-LOX (Watanabe et al., 1993; Li et al., 1997) mRNAs have also been reported.

The family of COX enzymes (also termed prostaglandin endoperoxide H
synthase; PGHS) encompasses two isoforms referred to as COX-1 and COX-2
(Smith et al., 2000). COX-1 and COX-2 have been extensively studied, in part
because they are the targets of widely used nonsteroidal anti-inflammatory drugs
(NSAIDs). Selective COX-2 inhibitors are being developed with reduced number
of side effects (Wallace, 1999). In the CNS, COX-1 appears to be constitutively
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expressed whereas COX-2 is inducible and its expression in the brain is highly
regulated (O’Banion, 1999; Hoffmann, 2000).

During the process of aging, the brain becomes more susceptible to neuro-
degeneration. For example, recovery from a stroke is substantially poorer in very
old patients than in younger subjects (Nakayama et al., 1994; Arboix et al., 2000).
Similar effects of aging were observed in experimental animals. Thus, the severity
of experimental stroke-induced brain injury was greater in 20-24-month-old rats
than in 4-month-old rats (Kharlamov et al., 2000) and ischemic brain injury was
greater in older than in younger mice (Nagayama et al., 1999). Aging is also
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Fig. 1 The CNS eicosanoid pathway encompasses two major enzyme families; the lipoxygenases and the
cyclooxygenases. Neurons do not synthesize AA; it is provided to them either by glia (e.g., astrocytes),
endothelial cells, or from the periphery (Moore, 2001). Both AA and the essential PUFA, linoleic acid, are
capable of crossing the blood-brain barrier (Edmond et al., 1998).
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associated with the occurrence and progression of chronic neurodegenerative
disorders, such as Alzheimer s disease. Dietary caloric restriction with nutritional
maintenance can extend the lifespan and may increase the resistance of the
nervous system to aging-associated neurodegenerative pathologies (Mattson et al.,
2001; Prolla and Mattson, 2001). In contrast, selective dietary fat restrictions may
retard growth and is generally deleterious to brain development and CNS function
(Burr and Burr, 1973; Wainwright, 2001), because essential fatty acids, for
example linoleic and alpha-linolenic acids, can be supplied only from dietary
sources (Edmond et al., 1998). These fatty acids are precursors for the synthesis of
longer-chained PUFA, i.e., AA, which is the main target of enzymes in the
eicosanoid pathway. In contrast to most types of mammalian cells (including glial
astrocytes), neurons are incapable of elongating or desaturating the precursors of
AA; thus, neurons depend on the AA provided to them by cells capable of
synthesizing AA from the essential linolenic acid (Moore et al., 1991) (Fig. 1). It
has been speculated that the composition of PUFA in brain cells may be altered
during aging (Youdim et al., 2000). This might occur in human brain more readily
than in experimental animals because animal (e.g., rat) tissues appear to be more
active in synthesizing AA than human tissues (Bezard et al., 1994).

Recent data suggest that the eicosanoid pathway may be significantly altered in
aging CNS. It has been proposed that aging-associated upregulation of the 5-LOX
pathway (Uz et al., 1998; Qu et al., 2000) and COX pathway (Montine et al.,
2002) may contribute to aging-related increases in brain vulnerability. Hence, it is
conceivable that compounds capable of selectively affecting 5-LOX and COX
could become putative neuroprotective therapies for the prevention and treatment
of pathologies that affect aging brain.

2. Lipoxygenases and cyclooxygenases in the brain

The expression in the brain of several LOX genes (e.g., 5-LOX and 12-LOX) as
well as that of COX has generally been demonstrated using methods for specific
mRNA detection. Moreover, biochemical studies have demonstrated that various
leukotrienes and prostaglandins can be produced in the mammalian brain, as well
as in neurons (Lindgren et al., 1984; Adesuyi et al., 1985; Shimizu et al., 1987,
Bishai and Coceani, 1992; Kaufmann et al., 1997). Very recently, it was proposed
that in sensory neurons, the product of 12-LOX activity, 12-HPETE, may act as
an endogenous regulator of pain-related neuronal vanilloid (capsaicin) receptors
(Piomelli, 2001).

In this chapter, we will focus on evidence for the neuronal presence of these
enzymes, and we will focus on two members of the eicosanoid pathway, 5-LOX
and COX-2. However, it has to be stressed that the expression of LOX and COX
enzymes in non-neuronal cells may also be important for CNS functioning,
particularly in certain pathologies. For example, in conditions associated with the
disruption of the blood-brain barrier (e.g., in brain ischemia), cells such as the
neutrophils that express the eicosanoid pathway may invade the brain and release
eicosanoids (Barone et al., 1992). A similar situation may occur in Alzheimer’s
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disease; circulating monocytes/macrophages, when recruited by chemokines
produced by activated microglia and macrophages, could add to the inflammatory
destruction of the brain (Fiala et al., 1998). Eicosanoids can also be produced in
the walls of blood vessels by resident leukocytes and thereby trigger vasoactive
responses (Marceau, 1996). In Alzheimer s disease, B-amyloid peptide could
induce vasoconstriction and decrease cerebral blood flow by stimulating 5-LOX
and COX-2 pathways (Paris et al., 2000).

2.1. Presence of 5-LOX in the CNS

In the adult mammalian brain, 5-LOX mRNA is expressed in a subpopulation
of neurons. In situ hybridization and immunohistochemistry demonstrated that
5-LOX and FLAP are expressed in various regions of the rat brain, including the
hippocampus, cerebellum, primary olfactory cortex, superficial neocortex, thala-
mus, hypothalamus, and brainstem (Lammers et al., 1996). The highest levels of
expression were observed in the cerebellum and hippocampus; in the latter brain
region colocalization was shown for 5-LOX and FLAP in CAl pyramidal
neurons. Moreover, electrophysiological experiments showed that the selective
5-LOX inhibitor MK-886 prevents somatostatin-induced augmentation of the
hippocampal K + M-current, suggesting the participation of the 5-LOX pathway
in somatostatin-receptor transmembrane signaling (Lammers et al., 1996).

Neuronal localization of 5-LOX protein was also demonstrated immunocyto-
chemically by Ohtsuki et al. (1995), who examined the effects of 5 min of ischemia
on brain 5-LOX during reperfusion in a gerbil model of transient forebrain
ischemia. In this study, hippocampal neurons exhibited dense 5-LOX immuno-
reactivity, which was partially redistributed from cytosolic to particulate fractions
3 min during reperfusion. These authors also demonstrated that leukotrienes were
generated in neurons and that their content was increased in all forebrain regions
during reperfusion. Differences were also observed in the distribution of 5-LOX-
like immunoreactivity in various brain areas of adult young (2-month-old) vs. old
(24-month-old) male rats (Uz et al., 1998). Greater 5-LOX-like immunoreactivity
was found in old vs. young rats, in particular, in the dendrites of pyramidal
neurons in limbic structures, including the hippocampus, and in layer V pyramidal
cells of the frontoparietal cortex and their apical dendrites.

Mammalian cerebellar granule neurons can be grown in vitro; these cultures
express 5-LOX and FLAP (Manev and Uz, 1999). In this in vitro system, neurons
can be studied both in their immature state (i.e., as neuronal precursors) and as
mature, differentiated neurons. Using cultures of immature neurons, it was
demonstrated that 5-LOX may participate in neurogenesis (Uz et al., 2001a).

The expression of 5-LOX in the brain can be regulated by the rate of neuronal
activity. Hence, it was shown that stimulation of receptors for excitatory
neurotransmitter glutamate increases 5-LOX expression in the CNS (Manev et al.,
1998; 2000a) and that the activation of glutamate receptors also increases the
production of leukotrienes in the rat brain (Simmet and Tippler, 1990).
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2.1.1. Functional significance of CNS 5-LOX

The 5-LOX metabolites of AA, leukotrienes, may influence CNS functioning
on two levels: (a) as intracellular second messengers; and (b) as transcellular
mediators (Piomelli, 1994; Lammers et al., 1996; Christie et al., 1999). Never-
theless, our knowledge regarding possible physiological roles of the enzymatic
5-LOX pathway in the brain is limited. Generally, selective pharmacological tools
(i.e., agonists/antagonists, inhibitors) are needed for functional characterization of
CNS biochemical pathways. Such tools are inadequate for in-vivo investigation
of the brain 5-LOX pathway, hence, little is known about the bioavailability of
5-LOX-related drugs and their ability to permeate the blood-brain barrier.
When used in vitro, LOX inhibitors helped in characterizing, for example, a role for
12-LOX and to a lesser extent for 5-LOX in homosynaptic long-term depression
of the rat hippocampus (Normandin et al., 1996).

The basic biology of eicosanoid/5-LOX pathways has been studied in
genetically modified mice. These mice studies include cytosolic phospholipase A,
(cPLA,) gene knockouts that are deficient in leukotriene and prostaglandin
synthesis (Sapirstein and Bonventre, 2000) and 5-LOX-deficient transgenic mice
that do not synthesize leukotrienes (Chen et al., 1994; Funk and Chen, 2000).
Only recently have these experimental animals, i.e., 5-LOX-deficient mice
[5-LOX (—); B6129§A/oxsimiFum) anq their controls (B6129SF2/J) been used for
studies of CNS functioning (Uz et al., 2002), using the following behavioral
tests: elevated plus-maze, marble burying, locomotor activity, rota-road, and the
spontaneous alternations in the T-maze. It was observed that in an elevated
plus-maze, 5-LOX-deficient mice spent a shorter time in the safe closed arms, a
longer time in the anxiogenic open arms, and entered the open arms more
frequently. They also covered fewer marbles in the marble-burying anxiety test.
No difference was observed between 5-LOX (—) and 5-LOX (+) mice in the
other tests (Uz et al., 2002). Thus, it appears that 5-LOX-deficient mice are
less prone to anxiety, suggesting a possible role for 5-LOX in affective beha-
viors. However, it must be stressed that creating congenic 5-LOX-deficient mice
by backcrossing into inbred strains would provide additional and better tools to
further elucidate the putative role of 5-LOX in CNS functioning (Uz et al.,
2002). New strains of 5-LOX-deficient mice would also greatly advance studies
of the functional role of 5-LOX in brain aging (Manev et al., 2000b).

In non-neuronal systems, it has been consistently established that inhibitors of
5-LOX reduce cell proliferation. For example, the 5-LOX inhibitors MK-886
and AA-861 reduced proliferation and induced apoptotic cell death in cultures
of prostate cancer cells (Ghosh and Myers, 1997; Anderson et al., 1998). In the
brain, 5-LOX-regulated cell proliferation might be involved in the growth of
brain tumors, which have been shown to secrete leukotrienes. In human brain
tumors, 5-LOX is expressed as a multitranscript family encompassing 2.7, 3.1,
4.8, 6.4, and 8.6 kb; the abundance of 5-LOX mRNAs and the expression of
the larger transcripts was found to correlate with tumor malignancy (Boado
et al., 1992). In vitro studies support the notion that 5-LOX might be critical for
growth of brain tumors. Thus, 5-LOX inhibitors AA-863 and U-60,257 induced
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a dose-dependent inhibitory effect on the proliferation of human glioma cells in
culture (Gati et al., 1990). Recent data show that LOX pathways (possibly
5-LOX) are also involved in the cell cycle progression of neuroblastoma cells
(van Rossum et al., 2002).

A nonpathologic action for 5-LOX in cell proliferation has also been
suggested. Primary cultures of rat cerebellar granule neurons express 5-LOX; this
expression is higher when neurons are immature and still proliferating (i.e.,
neuronal precursors) and it decreases in differentiated post-mitotic neurons
(Uz et al., 2001a). Treatment of immature neurons with a 5-LOX antisense
reduced the expression of 5-LOX proteins and effectively reduced their
proliferation. Moreover, [*H]thymidine incorporation (a marker for the cell
cycle) was significantly reduced by 5-LOX inhibitors (AA-861, MK-886, and
L-655,238); importantly, the anti-proliferative effect of these 5-LOX inhibitors
was reversible (Uz et al., 2001a). As such, it appears that the 5-LOX pathway
might participate in neurogenesis, including the recently discovered adult
neurogenesis (Manev et al., 2001).

2.1.2. 5-LOX and brain pathology

A number of reports indicate the involvement of the 5-LOX pathway in various
CNS pathologies. These include developmental diseases such as Sjogren-Larsson
syndrome (Willemsen et al., 2001) and neurometabolic diseases characterized by
the absence of leukotriene LTC, synthesis (Mayatepek, 2000). The 5-LOX
pathway has also been associated with chronic neurodegenerative diseases such as
multiple sclerosis (MS) (Whitney et al., 2001), which is a debilitating disorder of
the CNS characterized by decreased nerve functioning and lesions in the white
matter that degenerate the myelin sheath. Recent microarray analysis of gene
expression in brain tissue from MS patients and from patients without MS
revealed that in the MS brain, 5-LOX was one of the predominantly upregulated
genes. Thus, it was suggested that 5-LOX might be a possible treatment target for
this devastating neurological disorder (Whitney et al., 2001). Another progressive
and fatal neurodegenerative disease in which 5-LOX plays a role is prion disecase
(transmissible spongiform encephalopathies) (Stewart et al., 2001). Thus, it was
demonstrated that the 5-LOX pathway is involved in the neurotoxicity of the
prion peptide PrP106-126 and that 5-LOX inhibitors prevent PrP106-126
neurotoxicity.

A direct link of the 5-LOX pathway with stroke was reported by Ohtsuki et al.
(1995), who found that neuronal 5-LOX is mobilized and activated during
reperfusion of the ischemic brain (e.g., in an experimental model of stroke) and
that this activation is accompanied by an increased production of leukotrienes.
These findings have recently been confirmed and extended to note that the stroke-
triggered increased formation of leukotrienes (LTC,4, LTDy4, and LTE,) involves
an activation of ionotropic glutamate receptors (Ciceri et al., 2001). In vitro
(Arai et al., 2001) and in vivo (Shishido et al., 2001) findings of neuroprotective
action of LOX inhibitors against ischemic CNS injury are consistent with the
involvement of leukotrienes in the pathology of stroke.
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2.2. Presence of COX-2 in the CNS

Since the expression of COX-2 is primarily regulated by mitogenic and growth
factors, this enzyme has also been termed a mitogen-inducible COX. When
initially cloned from the rat brain, the expression of COX-2 was found to be
localized throughout the forebrain in discrete populations of neurons and also
found to be enriched in the cortex and hippocampus (Yamagata et al., 1993). Like
neuronal 5-LOX expression, the expression of neuronal COX-2 is rapidly and
transiently induced by seizures or synaptic activity mediated via glutamate
receptors. No expression was detected in glia or vascular endothelial cells. Thus, it
was proposed that COX-2 expression could be important in regulating prostaglan-
din signaling in the brain and that its marked inducibility in neurons by synaptic
stimuli indicates a role for the COX-2 pathway in activity-dependent plasticity
(Yamagata et al., 1993).

In the human brain, COX-2 immunostaining was found in the cortex and in
the hippocampus, including pyramidal neurons (Yasojima et al., 1999; Ho et al.,
2001; Yermakova and O’Banion, 2001). Both an increase (Yasojima et al., 1999;
Ho et al., 2001) and a decrease (Yermakova and O’Banion, 2001) of neuronal
COX-2 content was found in the brains of Alzheimer s patients. Both neuronal
and non-neuronal localization of COX-2 was found in the human brain following
cerebral ischemia (Iadecola et al., 1999).

In the spinal cord (e.g., in rats), no COX-2 mRNA signals were detected under
normal conditions, but a strong expression of these signals was seen bilaterally in
non-neuronal cells both within the grey and white matter and along the
leptomeninges and blood vessels 6 h after unilateral carrageenan injection into the
hind paw, but not after peripheral nerve injury (Ichitani et al., 1997). These results
suggest that COX-2 expressed in non-neuronal cells contributes to prostaglandin
production in and around the spinal cord under peripheral inflammatory
processes.

2.2.1. Functional significance of CNS COX-2

Prostaglandins, the products of COX-2 activity, could affect neuronal function
by modulating neurotransmitter release; this has been demonstrated for the
sensory neurons (Nicol et al., 1992). In the CNS, the COX-2 pathway has been
associated with glutamate receptor-mediated neurotransmission. COX-2 behaves
as an immediate-early gene; its neuronal expression is dramatically and transiently
induced in response to NMDA (N-methyl-p-aspartate) glutamate receptor activa-
tion. Moreover, in models of acute excitotoxic neuronal injury, elevated and
sustained levels of COX-2 appear to promote neuronal apoptosis, suggesting that
upregulated COX-2 activity is injurious to neurons (Iadecola et al., 2001).

Constitutively elevated neuronal COX-2 was recently achieved in transgenic
mice that overexpressed COX-2 in neurons and produced elevated levels of
prostaglandins in the brain (Andreasson et al., 2001). Behavioral studies using
COX-2 transgenic mice showed that these animals developed an age-dependent
deficit in spatial memory at 12 and 20 months but not at 7 months, and a deficit
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in aversive behavior at 20 months of age. These behavioral changes were
associated with a parallel age-dependent increase in neuronal apoptosis occurring
at 14 and 22 months but not at 8 months (Andreasson et al., 2001). These findings
suggest that neuronal COX-2 significantly influences CNS function and that,
under pathologic conditions, the COX-2 pathway could contribute to the
mechanisms of age-related brain disorders by promoting memory dysfunction and
neuronal death in an age-dependent manner.

Similar to the findings indicating a role for 5-LOX in neurogenesis (Manev
et al.,, 2001; Uz et al., 2001a), it has also been suggested that COX-2 could be
required for adult neurogenesis in the mammalian CNS (Kumihashi et al., 2001).
Transient global ischemia causes neurogenesis in the dentate gyrus of adult
rodents and also induces COX-2. In experiments with gerbils, adult animals were
chronically treated with acetylsalicylic acid, a nonselective COX inhibitor, and the
proliferation of cells in response to ischemia was studied in the dentate gyrus.
Acetylsalicylic acid significantly reduced the number of proliferating cells,
suggesting that COX, probably COX-2, and prostaglandins play an important role
in adult neurogenesis, e.g., the proliferation of neural cells after ischemia
(Kumihashi et al., 2001).

2.2.2. COX-2 and brain pathology

Recently, several excellent reviews have summarized a possible role for the COX-
2 pathway in CNS pathologies (Kaufmann et al., 1997; O’Banion, 1999; Hoffmann,
2000). Thus, COX-2 has been associated with the pathobiologic mechanisms of
brain ischemia, pain and hyperalgesia, fever, seizures, and Alzheimer’s disease.

A possible link between COX-2 and Alzheimer’s disease has attracted
considerable attention. This interest was initiated by epidemiological observations
and subsequent epidemiological studies that have demonstrated a reduced
prevalence of Alzheimer’s disease among users of NSAIDs (McGeer et al., 1996;
Stewart et al., 1997). An early small clinical trial indicated that the NSAID
indomethacin protected mild-to-moderately impaired Alzheimer’s disease patients
from the degree of cognitive decline exhibited by a well-matched, placebo-treated
group (Rogers et al., 1993). Although the beneficial effect of NSAIDs in
Alzheimer s patients has been attributed to the inhibitory action of these drugs on
COX and is often used as an argument for the presence of an inflammatory
component in Alzheimer’s pathology, recent findings suggest that a subset of
NSAIDs might influence Alzheimer’s pathology via a mechanism unrelated to
COX inhibition (Weggen et al., 2001). Thus, Weggen et al. (2001) found that
Ap42 peptide production (typically associated with Alzheimer’s disease) is reduced
by NSAIDs, indomethacin, ibuprofen, and sulindac sulphide in a variety of
cultured cells and that this effect was not mediated by COX inhibition. These
authors also found that short-term administration of ibuprofen to mice that
produce mutant B-amyloid precursor protein lowered their brain levels of ApB42.
These new results indicate that an alternative mechanism unrelated to COX-2
might be operative in the beneficial actions of NSAIDs in Alzheimer’s disease;
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these findings also point to possible shortcomings when currently available pharma-
cological tools are used to characterize the CNS function of the COX-2 pathway.

3. Regulation of LOX and COX expression

3.1. Hormones and 5-LOX

The cell type-specific expression of 5-LOX appears to be determined by DNA
methylation of the 5-LOX promoter (see below). Natural mutations occur in the
human 5-LOX promoter (In et al., 1997); they consist of the deletion of one or
two, or the addition of one Spl-binding site and these mutations have been
implicated in the response of asthma patients to 5-LOX inhibitors (Drazen et al.,
1999). Moreover, the sequence of the 5-LOX promoter indicates that this gene
could be susceptible to hormonal regulation in tissues in which 5-LOX is
expressed (Hoshiko et al., 1990). Studies with human monocytes (Riddick et al.,
1997) and human mast cells (Colamorea et al., 1999) have pointed to an apparent
contradiction; the typical “anti-inflammatory”” hormones, i.e., glucocorticoids,
stimulate the expression of a “pro-inflammatory” enzyme, 5-LOX. In the CNS,
glucocorticoids stimulate 5-LOX expression both in vivo (Uz et al., 1999) and
in vitro (Uz et al., 2001b), which appears to involve the glucocorticoid receptor
(Uz et al., 2001b). It has been proposed that the glucocorticoid-triggered
upregulation of neuronal 5-LOX expression may contribute to the well-known
neurotoxic action of these hormones (Uz et al., 1999).

Another hormone-mediated mechanism that affects 5-LOX expression includes
an orphan nuclear receptor termed ROR/RZR; it was shown that the pineal
hormone melatonin suppresses 5-LOX expression via this receptor (Steinhilber
et al., 1995). Although further research is needed to confirm these findings, in vivo
studies have shown that melatonin deficiency increases 5-LOX expression in the
brain (Uz et al, 1997). Moreover, the pineal expression of 5-LOX mRNA
conforms to a circadian rhythm in a manner opposite to the rhythm of melatonin
synthesis (Uz and Manev, 1998). Since the function of the pineal gland declines
during aging, it remains to be elucidated whether this aging-associated melatonin
deficiency influences the level of 5-LOX expression.

3.2. Hormones and COX-2

Initial studies on the regulation of neuronal COX-2 expression indicated that in
contrast to 5-LOX the expression of this gene is suppressed by glucocorticoids
(Yamagata et al., 1993). However, more detailed studies revealed that the
inhibitory action of glucocorticoids on neuronal COX-2 expression is not
universal. Thus, whereas the glucocorticoid dexamethasone suppressed induced
COX-2 expression in the cortex it was ineffective in altering COX-2 expression in
the hippocampus (Koistinaho et al., 1999). Hence, it appears that glucocorticoids
are not effective agents to inhibit the pathological activation of COX-2 in the
hippocampus. In addition, considering their stimulatory effect on the expression
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of hippocampal 5-LOX (Uz et al., 1999), the use of these hormones for treatment
of neurodegenerative pathologies should be reevaluated.

3.3. DNA methylation and regulation of gene expression

Recent studies point to an important role for DNA methylation in the
epigenetic regulation of gene expression in the CNS (Tucker, 2001). The DNA of
animal cells is subject to covalent modification by methylation at the 5 carbon
position of cytosine residues at CpG dinucleotides. DNA methylation is catalyzed
by DNA methyltransferase (Dnmt 1) and is crucial for modulating gene
expression, and consequently, neuronal functioning DNA methylation of promo-
ter-containing CpG islands is associated with transcriptional inactivation, i.e., gene
silencing. Typically, the same gene is not methylated in the tissue where it is
expressed and it is methylated in tissues or cells where it is not expressed. Thus,
DNA methylation may be responsible for neuron-specific gene expression.
Alterations in DNA methylation can be induced pharmacologically, which has
generally been confined to cancer treatment (Szyf, 2001).

Under certain experimental conditions, a selective hypomethylation in post-
mitotic neurons may cause significant functional impairment and cell death
(Fan et al., 2001). There is evidence for global and gene-specific hypomethylation
in aging cells and tissues (Mays-Hoopes, 1989). On the other hand, hypermethyla-
tion of certain gene promoters has also been found to occur during aging and has
been linked to neoplasia (Issa et al., 1994). The causes of these changes, which
have been observed during aging, both hypo- and hypermethylation, are not clear
and their relevance for aging-associated CNS alterations is yet to be evaluated.
However, it has been speculated that the incidence of Alzheimer’s disease might
be linked to a genetic imprinting mechanism involving DNA methylation (Farrer
et al., 1991).

3.3.1. DNA methylation and 5-LOX

5-LOX transcription requires the transcription factors Egr-1 and Spl, which
functionally interact with the human 5-LOX promoter (Hoshiko et al., 1990). In
addition, the 5-LOX promoter is characterized by the presence of repeated
G+C-rich elements and the lack of TATAA or CCAAT boxes. These character-
istics point to similarities between the 5-LOX promoter and so-called house-
keeping genes. However, whereas the promoters of G+C-rich housekeeping genes
are usually unmethylated, the methylation of the G+4C-rich 5-LOX promoter is
cell-specific and is associated with the suppression of 5-LOX mRNA expression
(Uhl et al., 2001).

Uhl et al. (2001) analyzed the methylation status of the 5-LOX promoter
in human myeloid cell lines and found that the 5-LOX promoter is methylated
in 5-LOX-negative cell lines and unmethylated in 5-LOX-positive cells. Moreover,
treatment of 5-LOX-negative cells with the demethylating agent 5-aza-
2'-deoxycytidine triggered the expression of 5-LOX primary transcripts and mature
mRNA. Demethylating agents are also effective in stimulating 5-LOX expression
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in neural cell cultures (Manev and Uz, unpublished observation). These results
suggest that epigentic regulation of the 5-LOX gene via DNA methylation of its
promoter may be responsible for the previously observed cell differentiation- and
tissue-specific expression of 5-LOX (Steinhilber, 1999).

3.3.2. DNA methylation and COX-2

COX-2 expression also appears to be regulated by DNA methylation,
particularly in cancerous cells (Song et al., 2001). Song et al. (2001) characterized
the methylation of the COX-2 CpG island (spanning from —590 to +186 with
respect to the transcription initiation site) in human gastric carcinoma cell lines
and found that three gastric cell types (SNU-601, -620, and -719) without COX-2
expression demonstrated hypermethylation at the COX-2 CpG island. Treatment
with demethylating agents effectively reactivated the expression of COX-2. In
addition, COX-2 promoter activity was completely blocked by in vitro methylation
of all CpG sites in the COX-2 promoter region. These results indicate that
transcriptional repression of COX-2 is caused by hypermethylation of the COX-2
CpG island in gastric carcinoma cell lines (Song et al., 2001). The role of DNA
methylation in neuronal COX-2 expression has not yet been characterized.

4. 5-LOX and COX-2 in aging brain

Although aging-associated neuropathology often goes hand in hand with
pathological alterations of cerebral vasculature, and the eicosanoid pathway is
important for the functioning of the vasculatory system and for inflammatory
processes, neuronal expression of 5-LOX and COX-2 appears to be operative
in neurodegeneration as well. Ultimately, neurodegenerative diseases involve neuro-
nal death; oxidative stress induces age-dependent neuronal apoptosis, which is one
of the mechanisms that produce age-dependent vulnerability to neurotoxins (Kim
and Chan, 2001). Oxidative stress also favors lipid peroxidation in biomembranes,
which can proceed enzymatically, e.g., via 5-LOX and COX-2 pathways. The
capacity of CNS neurons to compromise their own viability through endogen-
ously generated toxins (e.g., glutamate excitotoxicity) has been well recognized
(Schwarcz et al., 1984; Manev et al., 1990). A similar noninflammatory
pathophysiological mechanism might be based on neuronal 5-LOX and COX-2,
and could mediate aging-associated increased brain vulnerability.

4.1. Aging-associated alterations in the CNS eicosanoid pathway

Microarray studies of gene expression during in vitro replicative senescence
revealed a high degree of cell-specific patterns of expression; in some cells,
senescence was accompanied by an upregulation of inflammation-associated genes
(Shelton et al., 1999).

Both 5-LOX and COX-2 pathways are upregulated in the brain of aging
mammals and it has been proposed that these increases might be associated with
aging-related brain pathologies. The rationale for this hypothesis can be
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summarized by the following evidence: (a) the aging CNS is increasingly vulnerable
to neurodegeneration; (b) 5-LOX and COX are upregulated in the aging CNS;
and (c) the inhibition of 5-LOX and/or COX-2 protects CNS neurons from
degeneration.

5-LOX activity of splenocytes was found to be increased in 24-month-old vs.
4-month-old mice (Hayek et al., 1994) and 5-LOX expression was increased
during aging in peripheral blood vessels (Ibe et al., 1997). In the brain, 5-LOX
expression was found to be greater in old than in young rats (Uz et al., 1998; Qu
et al., 2000). In rats, kainate (a glutamate receptor agonist) increased hippocampal
5-LOX expression (Manev et al., 1998) and activity (Simmet and Tippler, 1990);
and it was found that the use of a 5-LOX inhibitor was neuroprotective.
Moreover, hippocampal excitotoxic injury induced by kainate was greater in old
rats (Uz et al., 1998). In earlier studies it was shown that two LOX inhibitors
nordihydroquaiaretic acid and AA861, can protect cultured hippocampal neurons
against death induced by amyloid beta-peptide (Goodman et al, 1994). Consider-
ing the prominent effect of aging on DNA methylation, it is possible that the
upregulation of 5-LOX expression in the aging brain is in part mediated via
aging-associated alterations in the methylation state of the 5-LOX promoter.

COX activity was also found to be greater in the brain of 24-month-old
rats than 6-month-old rats (Baek et al., 2001). Since, unlike the aging-increased
brain content of 5-LOX, COX-2 mRNA and protein levels showed little
corresponding age-related changes, it has been suggested that the increase in COX
activity with age is due to activation of COX catalytic reactions, presumably by
reactive oxygen species (Baek et al., 2001). Neuroprotection was demonstrated for
a number of COX inhibitors in several models of neurodegeneration both in vitro
and in vivo (O’Banion, 1999; Hoffmann, 2000) and by experiments in transgenic
mice. Namely, COX-2 deficient (“’knockout’’) mice exhibited a reduced severity of
brain injury in a model of stroke and in response to glutamate receptor-mediated
excitotoxicity (ladecola et al., 2001). On the other hand, transgenic mice over-
expressing COX-2 in neurons developed age-dependent cognitive deficits and
neuronal apoptosis, suggesting that neuronal COX-2 may contribute to the patho-
physiology of age-related diseases such as Alzheimer’s (Andreasson et al., 2001).

4.2. Eicosanoid pathway as a putative CNS therapeutic target

The evidence for the presence and activity of 5-LOX and COX-2 in the brain
including neurons, and the evidence of aging-associated alterations of the brain
eicosanoid pathway that we review here indicate that the CNS eicosanoid pathway
is amenable to pharmacological alterations and that it could be targeted for
therapy of disorders of aging brain. Drugs to be considered for such a therapy
can be grouped as drugs effective on the 5-LOX pathway and drugs acting on the
COX-2 pathway. 5-LOX-related drugs include 5-LOX inhibitors (e.g., zileuton)
and leukotriene receptor antagonists (e.g., CysLT; antagonists montelukast and
zafirlukast); COX-2-related drugs include COX-2 inhibitors (e.g., rofecoxib).
Whereas this pharmacological approach appears to be feasible in an in vitro
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setting, the possibility these compounds could be used in the CNS is uncertain due
to insufficient information about the blood-brain barrier permeability of these
drugs.

Recent data indicate that leukotrienes and prostaglandins bind the peroxisome
proliferator-activated receptors (PPAR). These proteins act as transcription
factors; three types, PPAR alpha, beta, and gamma, are expressed in the
mammalian CNS (Cullingford et al.,, 1998). Functionally, the role of these
receptors has not been fully characterized. Activation of PPAR-gamma was
recently shown to be effective in inhibiting glutamate toxicity in primary cultures
of cerebellar granule neurons (Uryu et al., 2002). To apply specific leukotriene or
PPAR receptor pharmacological treatments to the CNS, the type and precise
localization of these receptors in the brain cells would have to be better
characterized.

In the CNS, the expression of 5-LOX and/or COX-2 can be altered by
hormones (e.g., glucocorticoids), activation of neurotransmitter receptors (e.g.,
glutamate receptors), during neuronal proliferation and maturation, and in aging.
Thus, it appears that the pharmacological targeting of the expression of these
genes could be a therapeutic option. This could be achieved via indirect pathways
(e.g., targeting the signaling systems that influence 5-LOX or COX-2 expression)
or more specifically by affecting the 5-LOX or COX-2 promoters via epigenetic
mechanisms that involve DNA methylation. If further research confirms the
possibility of altering the neuronal expression of 5-LOX or COX-2 via alterations
in DNA methylation, it would be apparent that novel pharmacology directed
toward DNA methylation might be relevant for treatment of aging brain-related
pathologies.
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1. Introduction

The roles for membrane cholesterol in cellular signaling have become increas-
ingly diverse, yet appear to be interconnected by a common theme of the
organization of cellular functions around membrane microdomains. Seemingly
disparate aspects of cell biology such as biosynthetic and endocytic membrane
traffic and signal transduction have converged upon this theme, at the center of
which is the raft hypothesis that lateral segregation of sphingolipid/cholesterol
microdomains in the bilayer serve as platforms for protein sorting and the
assembly of signaling components. Two classes of hereditary disorders appear to
be good candidates for consideration as diseases of rafts and membrane signaling:
lysosomal storage disorders in which lipids accumulate, and the main clinical
features involve neural degeneration; and inborn errors of sterol synthesis, in
which the main clinical features are dysmorphogenesis and in some cases
neurodevelopmental defects. The former is exemplified by Niemann—Pick C
disease, and the latter by the Smith—Lemli-Opitz syndrome. Importantly, the
phenotypes associated with these disorders are in many ways dissimilar, and thus
make distinct contributions to our understanding of the various roles of
membrane cholesterol and rafts in cellular biology. While these disorders may be
unfamiliar to many in the field of aging research, the insight they provide into
fundamental functions of cellular cholesterol will have relevance for classical
disorders of aging in which alterations of cholesterol metabolism are important
aspects of pathogenesis or therapy.

2. Distribution of cholesterol in cellular membranes

The distribution of cholesterol is inhomogeneous and tightly controlled in
cellular membranes (for a detailed review of cellular cholesterol homeostasis,
see Liscum and Munn, 1999). The biophysical properties of cholesterol and its
interaction with other lipids determine both large- and small-scale differences in
cellular lipid distributions. Although estimates vary, most cellular cholesterol
(65-80%) resides in the plasma membrane, but recent studies indicate
that endosomal compartments are relatively cholesterol enriched. Cells derive
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cholesterol either by de novo synthesis in the endoplasmic reticulum (ER) or
receptor-mediated endocytosis of lipoproteins. Cells in the central nervous system
are nearly completely dependent on de novo synthesis, although within the CNS
there appears to be cycling of cholesterol via apolipoprotein E-containing
lipoproteins. Homeostatic mechanisms exist to maintain the levels of cellular free
cholesterol. A change in cholesterol level is sensed at the ER, the site of regulation
for both biosynthetic enzymes and transcription factors involved in synthesis of
the proteins that function in synthesis and uptake (reviewed by Goldstein and
Brown, 1990; Horton et al., 2002). For example, enzymes such as 3-hydroxy-
3-methylglutaryl coenzyme A reductase (HMGR) undergo feedback inhibition
through sterol-induced proteolytic degradation. Sterols similarly inhibit the
proteolytic activation of the sterol response element binding proteins (SREBPs) by
controlling their transport via the SREBP cleavage activating protein (SCAP).
Sterol-mediated control of both HMGR and SCAP is dependent on a sterol-
sensing domain (SSD) present in each protein, a conserved series of five
transmembrane segments now identified in a larger family of membrane proteins
(Fig. 1), most but not all of which are clearly involved in some aspect of sterol
metabolism (reviewed by Kuwabara and Labouesse, 2002). Newly synthesized
cholesterol appears to arrive at the cell surface in cholesterol/sphingolipid enriched
microdomains, and subsequently is distributed to other portions of the bilayer.
Cholesterol derived by the endocytosis of lipoproteins is hydrolyzed in late
endosomes/lysosomes and is redistributed to other parts of the cell. In addition to
cholesterol derived from internalized lipoprotein, free cholesterol that enters the
endocytic pathway through general membrane traffic must be redistributed. Excess
cholesterol is transported to the ER for esterification by acyl CoA/cholesterol
acyltransferase (ACAT) for storage in lipid droplets.

3. Cholesterol, raft forms and functions

In relation to cellular signaling, by far the most prominent feature of
cholesterol is its role in the formation of small microdomains or rafts. While rafts
really are defined operationally by biochemical isolation, they represent small
laterally segregated domains within a lipid bilayer (for detailed reviews of raft
formation, see Brown and London, 2000; Maxfield, 2002). Lipids of different
chain length and degree of saturation have different gel-fluid phase transition
temperatures (7,,) at which the hydrophobic chains will become tightly packed.
Thus binary mixtures of purified lipids in model membranes will show phase
separations according to the T;,. The addition of cholesterol to membranes affects
these phase separations such that the two types of fluid phase domains can form
in more complex mixtures. Specifically, the association of cholesterol with lipids
with long saturated chains results in the lateral separation of a “liquid-ordered”
phase typically enriched in cholesterol, sphingomyelin, and glycosphingolipids,
from a ‘liquid-disordered” phase enriched in unsaturated phospholipids. Rafts
were originally defined as cholesterol/sphingolipid enriched complexes isolated
from cellular membranes after lysis in cold non-ionic detergents such as Triton
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Fig. 1. Schematic illustrations of the sterol-sensing domain family of proteins discussed in the text.
Transmembrane domains are indicated by the barrels. The SSD is indicated by dark gray, and the regions
of homology between NPCI and Ptc (including some extramembrane regions in the carboxy terminal
portion) are indicated by light gray. Non-homologous segments are indicated in white.

X-100, and it is assumed that rafts in cellular membranes arise by the same
processes that promote microdomain formation in model membranes. In biologi-
cal membranes, raft formation depends largely on the physical interaction between
cholesterol and sphingomyelin. Since sphingolipids in cells are localized to the
outer leaflet of the bilayer, there is currently little information on the nature of
rafts in the corresponding phospholipid-rich inner leaflet. Although intracellular
proteins can associate with rafts containing extracellular proteins, the mechanism
linking the inner and outer leaflets is unknown. The nomenclature for rafts is
variable and often confusing [e.g. Triton rafts, detergent-resistant membranes
(DRMs), glycolipid-enriched membranes (GEM), buoyant density membrane
fractions, Triton-insoluble floating fractions (TIFF)], because there are now
several methods for biochemical isolation, some not involving detergents. In
general, rafts can be pelleted by centrifugation of a cold Triton X-100 cellular
lysate. Due to their lipid composition, raft membranes will float in a sucrose
gradient, and hence are found in the lighter density fractions.
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Another prominent feature of rafts are the suite of membrane proteins which
are co-isolated with them specifically. The proteins most widely associated with
rafts are those with lipid modifications, including glycosyl-phosphatidylinositol
(GPI)-anchored and doubly-acylated proteins, such as Src-family kinases. Some
transmembrane proteins (which may or may not be palmitoylated) can be raft
associated (e.g. influenza hemagglutinin), as are members of the Hedgehog
morphogen family, which are covalently modified with cholesterol. The long
saturated chains of GPIl-anchored and acylated proteins would prefer liquid-
ordered domains, providing an obvious means for raft association. The biophysi-
cal basis for raft association of other proteins is less clear, but the concept of
“lipid shells” was recently advanced by which many proteins might be targeted
through specific protein—lipid interactions (Anderson and Jacobson, 2002). As
discussed further below, a few proteins known to interact directly with cholesterol
also associate with rafts.

Because of the difficulties of studying lipids in intact cells, the behavior of rafts,
or even their existence, in live cells has been controversial. Over the last few years,
several studies using a variety of techniques have provided convincing evidence that
cholesterol-dependent rafts exist in the plasma membrane of live cells. However, the
size estimated for individual rafts as well as the total area occupied by raft
membranes varies significantly. Studies of GPI-anchored proteins produced esti-
mates in the range of 50-70nm (Varma and Mayor, 1998; Pralle et al., 2000),
whereas studies employing lipid probes give five to ten times larger estimates (Schutz
et al., 2000; Dietrich et al., 2002). Evidence for raft association of intracellular
proteins in live cells was provided by analysis of membrane targeting doubly-
acylated, non-dimerizing forms of cyan (CFP) and yellow fluorescent protein (YFP).
Fluorescence resonance energy transfer (FRET) measurements indicated that
acylated YFPs and CFPs clustered in a cholesterol-dependent manner, supporting
the idea that rafts exist on the inner leaflet as well (Zacharias et al., 2002). However,
this study did not address how the outer and inner leaflets communicate.

Caveolae are a morphological structure of many cell types that can be isolated
biochemically in raft preparations. The difficulty of linking biochemically-defined
rafts to visible features of cells and cellular function are highlighted by the
controversy surrounding the function of these small (50-80nm) “cave-like” cell
surface invaginations. Formation of caveolae requires the expression of caveolin-1,
a 22 kDa cholesterol-binding protein that forms a coat around the cytoplasmic face
of the invagination. Isolated caveolae are enriched with raft lipids and proteins,
and may represent stabilized rafts organized by the caveolin structural coat. Many
raft proteins involved in signal transduction have also been found to undergo
protein—protein interactions with a ‘“scaffolding domain” within caveolin-1
(Okamoto et al., 1998). A functional role in endocytosis and signal transduction for
caveolae has been suggested by numerous studies (reviewed by Smart et al., 1999).

Despite a very large number of proteins that are reported to associate with
caveolin or caveolae, recent genetic studies indicate that the range of signaling
pathways that require functional caveolae is overestimated. Mice homozygous for
a targeted deletion of caveolin-1 lack caveolae in all tissues known to express the
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protein, yet are viable and fertile (Drab et al., 2001; Razani et al., 2001). The
predominant defects in these mice were associated with endothelial cells in the
lungs and vasculature, and were related to hyperproliferation and nitric oxide
signaling, respectively. Remarkably, the animals have no developmental defects,
and nitric oxide signaling is the only pathway for which ample biochemical
evidence for caveolar function correlates with genetic evidence. Caveolae thus are
not required for global raft function in a variety of cell types.

4. Raft heterogeneity and the fate of rafts after internalization

Since most of the information about rafts is derived from studies of cellular
lysates, the degree of complexity is most likely underestimated. Information about
raft heterogeneity or rafts in intracellular compartments was generally lacking
until recently. A study utilizing a variety of non-ionic detergents identified a novel
type of cholesterol-based raft that was solubilized by Triton but detected as
Lubrol WX-insoluble complexes. The polytopic membrane protein prominin
preferentially associates with plasmalemmal protrusions, such as apical microvilli
in epithelial cells (Weigmann et al., 1997). Prominin interacted directly with
cholesterol and associated with Lubrol-insoluble rafts during transport and
incorporation into microvillar membrane microdomains in MDCK cells, which
were distinct from classical Triton rafts containing a GPI-anchored protein (Roper
et al., 2000). Lubrol rafts may be associated generally with membranes requiring a
high degree of curvature, as suggested by similar studies demonstrating an
interaction between synaptophysin and cholesterol during synaptic vesicle biogen-
esis (Thiele et al., 2000). However, the ATP-binding cassette transporter Al
(ABCA1), which functions in cellular cholesterol efflux, was enriched in Lubrol-
insoluble rafts isolated from fibroblasts and macrophages, suggesting a more
general function (Drobnik et al., 2002). In this study, Lubrol rafts were found to
have higher levels of phosphatidylcholine than Triton rafts. The lipid composition
of Lubrol rafts from MDCK cells was not reported, although isolated synaptic
vesicles are cholesterol-rich and sphingolipid-poor, with phosphatidylcholine levels
similar to that reported for Triton rafts (Deutsch and Kelly, 1981).

The distributions of lipids in the endocytic pathway and the fate of internalized
rafts have received considerably more attention. Studies of cholesterol distribution
in fixed cells with filipin and live cells with a fluorescent cholesterol analog
indicated that recycling endosomes, or the endocytic recycling compartment,
contain considerable cholesterol pools, while the trans-Golgi network (TGN) was
cholesterol enriched in some cell types but not others (Mukherjee et al., 1998;
Waustner et al., 2002). An analysis of purified recycling endosomes from MDCK
cells also demonstrated an enrichment of raft components (Gagescu et al., 2000).
It is likely that these compartments contribute to biochemical raft preparations
that are generally thought to represent the plasma membrane. Indeed, caveolin, a
prototypical cell surface raft protein, was identified as a TGN component
(Kurzchalia et al., 1992), and rafts were first proposed to function in the polarized
sorting of lipids in the TGN (van Meer and Simons, 1988). Analyses of
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GPI-anchored proteins and several types of lipids with different chain lengths and
degrees of saturation, mostly in CHO cells, allowed some predictions about
the behavior of raft-preferring lipids after endocytosis, but have also generated
some contradictions. Synthetic lipid-mimetic dialkylindocarbocyanine (Dil) mole-
cules with short or unsaturated fatty acid chains were transported on the recycling
endosome pathway and excluded from late endosomes (Mukherjee et al., 1999),
consistent with prior studies with short-chained sphingomyelin and phosphatidyl-
choline analogs (Koval and Pagano, 1989). Similarly, GPI-anchored proteins
were transported through the endocytic recycling compartment, with kinetics
slower than a transmembrane protein, but dependent on cellular cholesterol and
sphingolipid levels (Mayor et al., 1998; Chatterjee et al., 2001). In contrast, Dil
derivatives with long unsaturated acyl chains, which preferably associate with
rafts, were targeted to late endosomes (Mukherjee et al., 1999), where glyco-
sphingolipids are normally degraded (Sandhoff and Klein, 1994). Thus, overall,
rafts seem to be targeted along the recycling pathway, yet some raft components
must be targeted to the late endocytic pathway.

Many of the discrepancies about intracellular raft traffic may be due to cell
type-specific differences. A more recent analysis on a range of cell types demon-
strated that GPI-anchored proteins were differentially sorted into the recycling
(CHO, primary astrocytes) or late endocytic pathway (BHK, primary skin
fibroblasts) (Fivaz et al., 2002). Biochemical analysis indicated that despite
enrichment in cholesterol, sphingomyelin, and GPI-anchored proteins, membranes
from the CHO recycling compartment did not exhibit the properties of typical
rafts. In contrast, generation of small GPI-anchored protein clusters resulted in
enhanced raft association and late endocytic targeting in CHO cells.

Since sorting in the endocytic pathway is a major determinant of signal
duration and so many signaling pathways have been associated with rafts,
clarification of these processes will be important for a mechanistic understanding
of control of signaling by rafts. These studies may provide just a glimpse of the
increasing complexity underlying the cell biology of lipids. In fact, the identifica-
tion of the gene product that is defective in Niemann-Pick C disease has
accelerated the study of lipid trafficking in the endocytic pathway and spawned
many of the studies described above.

5. Niemann-Pick C disease, rafts in the endocytic pathway, and
neurodegeneration

5.1. Clinical aspects and basic pathology of NPC in humans and animal models

A key player in the control of intracellular cholesterol distribution was
identified through the study of the Niemann—Pick type C (NPC) lysosomal storage
disorder. The main feature of NPC is a rapid and widespread degeneration of the
CNS that typically begins at preschool age and may be accompanied by
hepatosplenomegaly (clinical aspects are reviewed in detail by Fink et al., 1989).
Depending on the tissue, patients show variable accumulations of lipids in



144 J. P. Incardona

lysosomes, with cholesterol and sphingomyelin predominating in the liver and
spleen, and glycosphingolipids in the CNS. Children with NPC do not show
developmental defects, and development is likewise normal in the mouse model
(Loftus et al., 1997), which quite consistently reproduces the human condition.
Hence, the disease is particularly tragic since it largely strikes children who were
apparently healthy infants and toddlers. While the severity of disease and rate of
progression varies among early- and late-onset forms, it is invariably fatal,
typically within the second decade of life. Neurologic signs include vertical
supranuclear gaze paresis and ataxia, and with progression results in seizures and
dementia. Neuropathologic findings include widespread degeneration involving
cerebellar Purkinje cells, the basal ganglia, thalamus, and brainstem. Neurofibril-
lary tangles without amyloid deposition were observed in chronic progressive cases
(Auer et al., 1995; Love et al., 1995; Suzuki et al., 1995).

NPC skin fibroblasts demonstrated an underlying defect in intracellular
cholesterol transport (Pentchev et al., 1985; Pentchev et al., 1987). NPC cells that
are cholesterol starved and then loaded with lipoprotein accumulate high levels of
cholesterol in late endosomes/lysosomes, and have delayed delivery of free choles-
terol for esterification. Notably, this effect can be phenocopied in normal cells by
treatment with a number of steroidal and amphiphilic compounds, such as
progesterone (at superphysiologic levels) and the synthetic steroidal amine
Ul18666A (Liscum and Faust, 1989; Rodriguez-Lafrasse et al., 1990; Lange and
Steck, 1994). The cholesterol accumulation is not limited to that derived from
internalized lipoproteins, but also includes cholesterol synthesized de novo derived
from plasma membrane bilayer internalization (Cruz and Chang, 2000; Lange
et al., 2000).

The NPC mouse has provided a system for a more detailed analysis of cellular
cholesterol homeostasis in the brain (reviewed by Dietschy and Turley, 2001). The
neuropathology is very similar in the mouse, although neurofibrillary tangles were
not observed (German et al., 2001b). Nevertheless, the mouse model has allowed
specific studies to address whether the pathogenesis results from accumulation of
cholesterol, sphingolipids, or both. In newborn pups prior to the onset of
neurodegeneration, brain levels of cholesterol are increased, but levels are reduced
dramatically as degeneration progresses, apparently due to the loss of cholesterol
in myelin (Xie et al., 2000). Generation of double mutant mice demonstrated that
CNS cholesterol accumulation and neurodegeneration in NPC was independent
of either the LDL receptor or apoE (Xie et al., 2000; German et al., 2001a).
Although this suggests redundancy in the receptors and/or lipoproteins involved
in cholesterol recycling, the large amount of bilayer cholesterol that is internalized
during synaptic vesicle recycling could make a significant contribution. The
contribution of glycosphingolipid accumulation to neurodegeneration is more
complicated. In mice carrying both the NPCI mutation and a deletion of
B1-4GalNAc transferase, GM2 and other complex gangliosides did not accumu-
late, but clinical improvement was not observed (Liu et al., 2000). However,
considerable improvement was achieved in the mouse and feline models with
administration of N-butyldeoxynojirimycin, an inhibitor of glucosylceramide
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synthase that blocks glycosphingolipid synthesis at an earlier step and prevented
the accumulation of neutral glycosphingolipids upstream of 81-4GalNAc transfer-
ase (Zervas et al., 2001).

5.2. The NPCI Protein

NPC patients comprise two complementation groups with identical cellular
phenotypes. The vast majority (> 95%) have mutations affecting the NPCI
protein (Carstea et al., 1997), while NPC2 is affected in a much smaller group
(Naureckiene et al., 2000). NPC1 is a ~ 140kDa protein with 13 transmembrane
segments and significant structural similarity to bacterial permeases (Carstea et al.,
1997; Loftus et al., 1997, Tseng et al., 1999). NPC2 is a small, soluble,
ubiquitously expressed lysosomal protein previously identified as HE1 and shown
to bind cholesterol 1:1 (Okamura et al., 1999; Naureckiene et al., 2000). NPC1
has been studied much more intensively than NPC2. NPCI contains the
SSD common to other polytopic membrane proteins involved in cholesterol
metabolism (Fig. 1), as well as a leucine-rich domain implicated in protein—protein
interactions. The structural similarity to permeases was recently extended to
function as well with the finding that NPCI1 possessed a transbilayer pump activity
coupled to a proton motive force. NPC1 accelerated the removal of hydrophobic
compounds such as acriflavine from Ilate endosomes/lysosomes, and when
expressed in E. coli, resulted in the transport of acriflavine and fatty acid across
the membrane, but intriguingly, not cholesterol (Davies et al., 2000).

Initial immunolocalization studies of NPCI in normal cells found that the
protein associated with a subset of late endosomes which were cholesterol-poor
(Neufeld et al., 1999). In the presence of UI8666A or progesterone, or in the case
of NPC1 alleles encoding a full-length but non-functional protein, the protein
localized to cholesterol-engorged late endosomes/lysosomes (Higgins et al., 1999;
Neufeld et al., 1999). Analysis of functional NPCl-green fluorescent protein
(GFP) fusions in live cells showed that NPC1 undergoes very rapid transport
involving fine tubular extensions of endosomes (Ko et al.,, 2001; Zhang et al.,
2001), and suggests that the static immunolocalization data belie a simple late
endosomal distribution. The rapid transport of NPCI1 ceases within a short
duration of exposure to U18666A, but it is unclear whether this is due to
cholesterol accumulation or vice versa. How the pump activity and rapid transport
of NPC1 are linked together and to redistribution of cholesterol is unknown.
Other consequences of cholesterol accumulation include more generalized defects
in the late endocytic pathway, including reduced endosome mobility and
homotypic fusion (Neufeld et al., 1999; Zhang et al., 2001; Lebrand et al., 2002),
although it is not yet clear how these findings contribute to the pathophysiology.

5.3. Accumulation of Raft Lipids in the Endocytic Pathway

While the precise nature of the organelles in which cholesterol accumulates has
been debated (late endosome vs. lysosome vs. a hybrid), it uniquely involves
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highly convoluted internal membranes enriched with the nonbilayer-preferring
lipid, lysobisphosphatidic acid (LBPA). NPC1 may be required to enter the
internal membranes of late endosomes to effect cholesterol redistribution, as
mutations in the SSD result in localization of the protein to the limiting
membrane of the organelle with concomitant cholesterol accumulation (Watari
et al., 1999). Moreover, internalization of a monoclonal antibody against LBPA
by live cells results in disorganization of the internal membranes and induction of
the NPC phenocopy (Kobayashi et al., 1998; Kobayashi et al., 1999). Disruption
of the late endosome LBPA domain also produces defects in protein sorting
within the compartment, which has implications for NPCI1 as well as autoimmune
disorders in which LBPA is an autoantigen (Kobayashi et al., 1998). Since the
internal membranes of late endosomes are a platform for a second level of sorting
both lipids and proteins in the endocytic pathway, their perturbation is likely to
have effects on a range of cellular processes that converge upon the Iate
endosome.

The suite of lipids that accumulate in NPC disease suggests that NPC1 may
function more generally in the cellular homeostasis of raft lipids. While the study
of rafts has largely focused on processes occurring at the cell surface, the behavior
of rafts in the endocytic pathway is not that well understood. As discussed above,
raft lipids are largely excluded from the late endocytic pathway and at least in
some cell types are returned to the cell surface via recycling endosomes (Mayor
et al., 1998; Mukherjee et al., 1998; Gagescu et al., 2000) the main recycling
pathway characterized by transport of the transferrin receptor. Analysis of the
transport of [’H] cholesterol released from internalized lipoprotein or derived by
endocytosis of plasma membrane demonstrated that NPCI is required to deplete
raft cholesterol from membranes leading to late endosomes for return to the
plasma membrane (Lange et al., 2000; Lusa et al., 2001). Similarly, raft-associated
ganglioside GM1 was found to accumulate in early endosomes of NPCI-deficient
CHO cells (Sugimoto et al., 2001). While sphingolipids are normally degraded in
lysosomes, the consequences of failed recycling may be to overwhelm the
degradative capacity by delivering substrate too rapidly. Intriguingly, cholesterol
was also found to accumulate in lysosomes of other storage diseases which
accumulate sphingomyelin or glycosphingolipids due to deficiencies of degradative
enzymes (Puri et al., 1999). This suggests that the inability to properly handle one
raft lipid results in the perturbation of transport of other raft components.

If lipid storage diseases represent general disorders of raft homeostasis, then what
are the consequences for cellular signaling? Do defects in signaling contribute to
pathophysiology, or is the disease more simply a consequence of disordered
lysosomal catabolism? This area is largely unexplored. A recent study showed that
NPC cells have normal levels of cholesterol in the plasma membrane (Lange et al.,
2002), suggesting that plasma membrane rafts may be normal. One would expect
that mutations overtly affecting plasma membrane raft formation or function would
have much more profound affects on the developing organism, and likely even be
cell lethal. The lethality resulting from replacement of cholesterol with its
enantiomeric form in sterol-auxotrophic C. elegans is a tantalizing suggestion that
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this may be the case (Crowder et al., 2001). Some studies are suggestive of altered
signaling in NPC cells. Changes in the phosphorylation of several kinases were
detected in NPC mouse liver (Garver et al., 1999), cultured embryonic neurons
showed a reduced response to brain-derived neurotrophic factor (Henderson et al.,
2000), and increased activity of cyclin-dependent kinase 5 and hyperphosphorylation
of microtubule-associated proteins was detected in brain tissue (Bu et al., 2002).
However, raft-dependent cell surface signaling processes are yet to be examined
specifically in NPC cells. Despite the rapid expansion in our understanding of raft
behavior in the endocytic pathway that has developed since the discovery of NPCI1,
there is still no clear understanding of how defective raft trafficking contributes to
the pathophysiology of neurodegeneration in NPC disease.

6. Inborn errors of sterol synthesis and congenital defects

6.1. Clinical aspects of defective cholesterol biosynthesis in humans and
animal models

In marked contrast to NPC disease, children with inborn errors of sterol
synthesis have congenital malformations. Smith—Lemli—Opitz syndrome (SLOS)
was the first dysmorphic syndrome linked to a defect in cholesterol synthesis
(reviewed by Porter, 2000; Kelley and Herman, 2001). SLOS is a multiple-
malformation syndrome in which the most commonly affected structures are
craniofacial (characteristic facies, microcephaly, cleft palate), limbs (syndactyly of
digits 2 and 3, postaxial polydactyly), and external genitalia (hypospadias,
ambiguous genitalia), accompanied by general defects such as poor feeding,
growth retardation, and developmental disability. Less common but more severe
variants had defects in internal organs such as congenital heart and lung defects,
renal agenesis, and intestinal aganglionosis. Brain malformations occurred in
20-40% of patients, with about 5% having mild forms of holoprosencephaly, or
an undivided forebrain. The biochemical defect is a deficiency of 7-dehydrocholes-
terol reductase (7DHCR), the enzyme that catalyzes the final step of cholesterol
biosynthesis (Fig. 2). SLOS patients have extremely low levels of serum
cholesterol, and accumulate high and lower levels of 7- and 8-dehydrocholesterol,
respectively, precursors which are barely detected in normal individuals (Tint et al.,
1994; Kelley et al., 1996; Fitzky et al., 1998; Wassif et al., 1998).

Since the identification of SLOS as a disorder of sterol synthesis, several other
hereditary syndromes of dysmorphism or skeletal dysplasias were linked to
mutations affecting different steps of cholesterol biosynthesis (Fig. 2) (Braverman
et al., 1999; Konig et al., 2000, Waterham et al., 2001; for a detailed review, see
Kelley and Herman, 2001). These include desmosterolosis (38-hydroxysteroid-A>*-
reductase deficiency), X-linked dominant chondrodysplasia punctata (CDPX2;
3B-hydroxysteroid-A® A’-isomerase deficiency), and congenital hemidysplasia
with ichthyosiform erythroderma and limb defects (CHILD syndrome, NADH
steroid dehydrogenase-like/38-hydroxysteroid dehydrogenase deficiency). Patients
with desmosterolosis have increased serum desmosterol levels and share many
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Fig. 2 The cholesterol biosynthetic pathway. Not all steps are shown. Enzymes discussed in the text and
corresponding diseases are indicated in the gray boxes.

phenotypic features with SLOS patients, although the former have more severe
skeletal dysplasia. The predominant features of CDPX2 and CHILD syndrome
are abnormal calcifications in the cartilaginous epiphyses of immature bone and
proximal shortening of the limbs, or rhizomelic dwarfism. Both have atrophic
defects of skin, with hyperkeratotic lesions (ichthyosiform erythroderma) leading
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to alopecia. CHILD syndrome has the intriguing feature of unilateral involvement
with ipsilateral localization of skin lesions and malformations, while CDPX2 is
symmetrical. CHILD syndrome can present with more severe limb reductions and
a handful of patients had other malformations including hypoplasia of the brain
and spinal cord and renal agenesis. Other defects such as postaxial polydactyly
can occur in CDPX2. These phenotypes are closely mirrored by the corresponding
mouse mutants, Tattered (CDPX2) and bare patches (CHILD) (Derry et al., 1999;
Liu et al, 1999). In CDPX2, 8-dehydrocholesterol and cholest-8(9)-en-38-ol
accumulate, while the step prior to this is blocked in CHILD syndrome, resulting
in accumulation of these precursors containing C-4 methyl groups. CDPX2 and
CHILD syndrome are less severe than SLOS and generally do not involve the
central nervous system, but this probably reflects the fact that they are X-linked
dominant disorders in which tissues of affected females are mosaic for mutant and
wild-type chromosomes, and sufficient cholesterol might be provided by normal
tissue. Both disorders are male lethal, and the mouse models indicated that male
embryos are severely affected, with lethality occurring after mid-gestation for
Tattered and soon after implantation for bare patches. The CDPX2/Tattered male
mouse showed growth retardation with an abnormally shaped skull, micrognathia,
cleft palate, absent intestines, and delayed ossification of the skeleton with severe
shortening of all limbs (Derry et al., 1999).

The vast majority of dysmorphic syndromes are linked to mutations affecting
components of major signaling pathways involved in pattern formation during
development or the transcription factors through which they ultimately act. Of
these pathways, which include members of the Wnt, transforming growth factor-8
(TGF-B), bone morphogenetic protein (BMP) and Hedgehog (Hh) families, only
the latter has components that require cholesterol and are clearly raft-associated.
The roles of Hh proteins in patterning of the CNS and skeletal elements has led
to a widely published hypothesis that defective Hh signaling is concomitant to
defective cholesterol biosynthesis. The following sections examine the evidence
that defects in Hh signaling or other raft-dependent pathways contribute to the
dysmorphogenesis which occurs with these disorders of sterol biosynthesis.

6.2. Hedgehog signaling, known and putative roles for cholesterol

Members of the Hh family of morphogens are the only proteins known to be
covalently modified by cholesterol. Named after the Drosophila segment polarity
gene, the vertebrate Hh proteins Sonic, Indian, and Desert are involved in
patterning during development of virtually every organ system (comprehensively
reviewed by Ingham and McMahon, 2001). Sonic hedgehog (Shh) plays a
particularly crucial role in patterning the CNS, while Indian hedgehog (Ihh) is
essential for bone formation. One clear postnatal function of Shh is in the adult
hair cycle (Wang et al., 2000), and somatic mutations in components of the
signaling pathway underlie the vast majority of follicle-derived sporadic basal cell
carcinomas. Cholesterol plays several roles in the pathway, from ligand biogenesis
to signal transduction, but the precise nature of these roles are still poorly
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understood. This complexity was brought to light by phenotypic similarities
between loss-of-function mutations in Shh and environmentally-induced or
hereditary defects in cholesterol biosynthesis, such as SLOS.

6.2.1. Cholesterol in Hh biogenesis and transport

Hh proteins are synthesized as a precursor that undergoes an intramolecular
autoproteolytic cleavage to generate the active signaling molecule (Porter et al.,
1995). Cholesterol catalyzes the cleavage reaction, and becomes covalently
attached to the new carboxyl terminus (Porter et al., 1996); this is really the only
clearly defined role for cholesterol in the pathway. A second post-translational
modification is crucial for the protein’s activity, addition of a single palmitate to
an amino terminal cysteine (Pepinsky et al., 1998; Chamoun et al., 2001; Lee et al.,
2001; Lee and Treisman, 2001). Given these lipid modifications, it is not fully
understood how Hh proteins act at considerable distances from source cells. In
cells transfected with a full-length Shh cDNA, the majority of the protein is
associated with rafts (Pepinsky et al., 1998). In Drosophila, a significant fraction
of endogenous cholesterol-modified Hh was raft associated, but a large fraction
was also found with nonraft membranes (Rictveld et al., 1999). An endogenous
soluble form was detected in vertebrate embryonic tissue and demonstrated to be
a noncovalent hexameric complex of cholesterol-modified monomers (Zeng et al.,
2001). Alternatively, lipid-modified Hh might diffuse as a monomeric form
through interactions of its hydrophobic regions with other proteins, in particular
proteoglycans (Bellaiche et al., 1998; The et al., 1999). Release of Hh from source
cells in Drosophila requires the activity of the SSD-containing protein Dispatched
(Burke et al., 1999), which could either generate a multimeric soluble form from
raft-associated Hh, or simply catalyze the release of monomeric Hh from the
bilayer. However, it is currently unknown whether a single or multiple biochemical
species mediates all of the signaling activities of Hh proteins, but it is clear that
the cholesterol modification is required for long distance signaling in vertebrates
(Lewis et al., 2001).

6.2.2. Cholesterol in Hh signal transduction

Cholesterol also plays an elusive role in Hh signal transduction. The Hh
receptor, Patched (Ptc), has 12 transmembrane segments and shares extensive
similarity to NPCI including the SSD and a second set of five transmembrane
segments (Fig. 1). Ptc controls the activity of a second protein, Smoothened
(Smo), which is related to G protein-coupled receptors and actually transduces the
Hh signal. Smo signaling activity is constitutive, but inhibited by Ptc in the
absence of ligand. Hh binding to Ptc relieves this inhibition, allowing Smo to
signal. The mechanism by which Ptc controls Smo activity is still unknown, as
the steps are immediately downstream from Smo that link signaling to a
transcriptional response mediated by members of the Ci/Gli transcription factor
family (reviewed by Ingham and McMahon, 2001).
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Although initial cotransfection studies suggested that Ptc and Smo formed
a receptor complex (Stone et al., 1996; Carpenter et al., 1998; Murone et al.,
1999), recent experiments have failed to demonstrate Ptc/Smo complexes in
vivo or when not overexpressed transiently (Johnson et al., 2000; Incardona
et al.,, 2002). Instead, Ptc appears to have an intrinsic activity that results in
Smo inhibition indirectly, ultimately affecting Smo protein levels and activity
through control of its phosphorylation state (Denef et al., 2000; Ingham et al.,
2000). However, the inhibition of Smo by Ptc appears to involve some type
of intimate interaction, as the two proteins colocalize in the absence of ligand,
but are induced to segregate after ligand binding and internalization
(Incardona et al., 2002). Smo is internalized along with Ptc/Hh complexes,
but the latter are targeted for lysosomal degradation while Smo is recycled.
This suggests that Hh inactivates Ptc through lysosomal targeting, and that
active Smo is generated in a ligand-dependent manner after passing with Ptc
through endosomes. Shh signaling is blocked by disruption of LBPA-rich late
endosomal membranes, implicating the late endocytic sorting pathway in the
segregation of Smo from Ptc/Shh complexes, and further underscoring the
relationship between Ptc and NPCI1 (Incardona et al., 2002). The specific
subcellular location where Smo signals is presumed to be the plasma
membrane, but this has not been determined yet.

Some role for cholesterol became evident with the study of teratogens that
cause brain malformations; whether this reflects a function for rafts in Hh
signal transduction is still unclear. One consequence of loss of Shh function is a
failure of anterior neural tube patter resulting in undivided cerebral hemi-
spheres, or holoprosencephaly, extreme forms of which have coincident cyclopia
(Chiang et al., 1996; Roessler et al., 1996). Cyclopamine is a steroidal alkaloid
derived from a ubiquitous meadow plant that was responsible for outbreaks
of cyclopia in large lambing operations in the Western United States (reviewed
by James, 1999). An unrelated teratogen shown to cause holoprosencephaly in
rats is the cholesterol synthesis inhibitor AY-9944 (Roux and Aubry, 1966),
which blocks the conversion of 7-dehydrocholesterol to cholesterol catalyzed
by 7DHCR, the enzyme defective in SLOS. Mild forms of holoprosencephaly
occur in a small percentage of SLOS patients (Kelley et al., 1996). Both
cyclopamine and AY-9944 cause holoprosencephaly by blocking Shh signaling
(Cooper et al., 1998; Incardona et al., 1998). Despite the steroidal nature of
cyclopamine, it appears to be a direct antagonist of Shh signal transduction,
and its affects are unrelated to cholesterol homeostasis or synthesis (Incardona
et al., 1998; Incardona et al., 2000; Taipale et al., 2000). In contrast, the
action of AY-9944 is indirect and the inhibition of Shh signaling is most
likely due to the accumulation of sterol precursors combined with cholesterol
deficit (Incardona et al.,, 1998; Gofflot et al.,, 2001). Holoprosencephaly
presumably has the same etiology in SLOS, although this has not been
demonstrated, and while targeted deletion of 7DHCR in the mouse reproduces
many aspects of the human phenotype, holoprosencephaly was not observed
(Fitzky et al., 2001; Wassif et al., 2001).
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6.3. Cholesterol deficiency, sterol precursors and disruption of
developmental signaling

It is unfortunate that the SLOS fibroblast has not received the same attention
from cell biologists as has the NPC fibroblast. SLOS and other inborn errors of
sterol synthesis may truly represent diseases of rafts, since the associated mutations
have much more profound effects on the developing organism than loss of NPCI
function. However, the cellular consequences of replacing cholesterol with
precursors such as 7-dehydrocholesterol have been hardly explored. Two studies of
the ability of 7-dehydrocholesterol to promote formation of liquid-ordered phase
domains with sphingomyelin in model membranes came to opposite conclusions
that the precursor promoted domain formation more strongly than cholesterol (Xu
et al., 2001) or that 7-dehydrocholesterol/sphingomyelin domains were unstable
above 36°C (Wolf and Chachaty, 2000). The effects of sterol precursors on more
general membrane properties are likewise largely uncharacterized, although one
study observed decrease fluidity and alterations of permeability due to 7-dehy-
drocholesterol accumulation in intestinal microvillar membranes after 7DHCR
inhibition in adult rats (Meddings, 1989). Moreover, it is still unclear how much of
the SLOS/AY-9944 phenotype is strictly due to cholesterol deficit, the accumula-
tion of 7-DHC and other precursors, or both.

The pleiotropic effects related to the various disorders of cholesterol synthesis
may provide insight into this issue. It is unclear why embryos that accumulate
different suites of precursors have phenotypes that do not overlap extensively,
although the degree of sterol deficiency likewise is probably deeper in the more
severe disorders. A more detailed analysis of male embryos in the X-linked
disorders should be informative, since the rather cursory published phenotypic
descriptions make attempts at linking malformations to specific signaling path-
ways very difficult. While holoprosencephaly associated with 7DHCR deficiency
has a clear link to Shh signaling, other aspects of the cholesterol deficiency
phenotypes do not. Male CDPX2/Tattered mice superficially resemble embryos
carrying a targeted deletion of Ihh, which are similarly dwarfed due to reduced
chondrocyte proliferation and failure of osteoblast development (St-Jacques et al.,
1999). However, the CDPX2 male has a cholesterol synthesis defect in every cell,
yet does not have the ventral midline patterning defects associated with loss of
Shh signaling. Why does the CHILD/bare patches male die at an earlier stage of
development than CDPX2/Tattered?

The pleiotropic nature of cholesterol synthesis defects probably points to the
more widespread involvement of cholesterol in cellular and metabolic processes,
such as steroid and vitamin D synthesis. What is the etiology of the more
generalized defects found in SLOS patients? Areas that have not been explored
are the role for cholesterol (and possibly Lubrol rafts) in synaptic vesicle recycling
(Thiele et al., 2000), and the synaptogenesis-promoting activity of apoE-cholester-
ol derived from glial cells (Mauch et al., 2001). Similarly, other developmental
signaling pathways that utilize GPI-anchored proteins as ligands or receptor
components have not received the same degree of attention as has Hh signaling.
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In particular, rafts may be important for ephrin family signaling, which function
in CNS and limb development (Wada et al., 1998; Bruckner et al., 1999; Knoll
and Drescher, 2002). Similarly, glial cell line-derived neurotrophic factor (GDNF)
family members utilize a GPI-anchored coreceptor in combination with the Ret
receptor tyrosine kinase, and function both during development of neural crest
derivatives (Parisi and Kapur, 2000) and as neuronal survival factors (Saarma,
2000). Defects in proliferation and alterations in interleukin-1 signaling were
observed in primary skin fibroblasts from CHILD syndrome ichthyosiform
lesions, which also showed abnormal accumulations of lamellar vesicles and
multivesicular bodies (Goldyne and Williams, 1989; Emami et al., 1992). However,
these observations were made with cells cultured in the presence of lipoprotein-
containing serum (prior to identification of the genetic defect), so it is unclear
whether they were actually sterol deficient or had increased levels of precursors.
The availability of several mouse models should provide the materials with which
to address these questions more rigorously.

Since Hh signaling is the only pathway that has been examined in detail in the
AY-9944 model, some inferences can be made about the relative roles of cholesterol
deficit versus accumulation of precursors. It is often assumed that cholesterol deficit
will impair Hh biogenesis. However, the sterol-catalyzed cleavage reaction in
cultured cells was insensitive to treatment with cholesterol synthesis inhibitors
alone, and was blocked only after drastic, acute reduction of cholesterol levels by
combined lipoprotein deprivation, inhibition of synthesis at the level of HMGR,
and extraction of cholesterol from the cell surface with a cyclodextrin (Guy, 2000).
Moreover, a range of sterols was shown to catalyze the Shh cleavage reaction
in vitro and undergo covalent attachment (Cooper et al., 1998). The acute sterol
deprivation described above typically reduces cellular cholesterol content to
20-30% of untreated cells (Keller and Simons, 1998). Although SLOS patients have
markedly depressed levels of plasma cholesterol, lipoprotein-starved cultured SLOS
fibroblasts had total sterol levels of 70-80% of normal controls (Honda et al.,
1997). Brain tissue from mice with a targeted deletion of 7DHCR showed total
sterol levels that were 59% of wild-type littermates (Fitzky et al., 2001). In contrast,
rat embryos from AY-9944-treated dams had total tissue sterols at 29% of controls
(Gofflot et al., 2001). Cholesterol depression is mild in females with the X-linked
disorders such as CDPX2, although sterol levels have not been reported for
hemizygous males and are likely to be severely depressed. Skin fibroblasts from a
CDPX2 patient with a nonsense mutation had cholesterol levels at 80% of controls,
although total sterol levels were at 118% due to the accumulation of cholest-8(9)-
en-3B-ol and other precursors (Braverman et al., 1999). Therefore, the AY-9944
model is the only situation in which cells might have the degree of sterol depletion
capable of affecting Shh biogenesis. Effects on Shh biogenesis in vivo thus cannot
be ruled out, since Shh processing has not been examined in AY-9944-treated
embryos. Moreover, the activity, release from cells, transport, and multimerization
capacity of Shh modified by a cholesterol precursor have not been tested.

The dependence of Hh signal transduction on total membrane sterol levels is
unclear as well. Defects due to reduced Shh signaling in AY-9944-treated embryos
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were rescued by cholesterol supplementation, even in the presence of significant
7-DHC levels (Gofflot et al., 2001). Although this was taken as evidence that Shh
signaling is reduced by cholesterol deficit per se rather than the presence of
precursors, Shh signaling has not been quantified in embryos that solely have
reduced cholesterol levels in the absence of precursor sterols. This issue could be
addressed with mice carrying a targeted deletion of squalene synthase. Embryos
null for squalene synthase died at post-embryonic day 9.5-10.5 with severe growth
retardation and open neural tubes as the predominant malformation (Tozawa
et al., 1999). This phenotype may represent the closest to a true sterol deficit, yet
open neural tube defects are not associated with reduced Shh signaling. Although
the phenotype was not described in great detail, neural plate explants from
squalene synthase-deficient embryos might provide a definitive system for testing
the sterol requirement in Shh signal transduction. In order to make any strong
correlations, the sterol profiles of the most severely affected embryos for each of
the sterol synthesis defects need to be examined in parallel.

6.4. Are rafts involved in Hh signal transduction?

No study has definitively demonstrated a role for rafts in organizing or
controlling components of the Hh signal transduction cascade. The presence of a
SSD in Ptc does not necessarily mean the protein associates with cholesterol or
rafts. In fact no member of the SSD protein family has been shown to bind
cholesterol directly. SSD proteins such as SCAP and HMGR reside in raft-poor
ER or carly Golgi membranes. All SSD proteins may not even be sterol sensitive.
In Drosophila, which obtains dietary sterols and does not have the capacity for
biosynthesis, the SSD of SCAP is responsive to phosphatidylethanolamine but not
sterols, and the SREBP pathway may function more generally in the control of
membrane lipid synthesis (Dobrosotskaya et al., 2002; Seegmiller et al., 2002).
NPCI is variably isolated in raft fractions, depending on the level of sterol loading
of cells (Lusa et al., 2001), and in considering its function, it probably associates
with raft membranes more dynamically. When transiently over-expressed in COS
cells, a kidney-derived fibroblastic line, a small fraction of Ptc localized to
buoyant density fractions and coimmunoprecipitated with caveolin-1 (Karpen
et al., 2001). The significance of this finding is questionable, however, since
caveolins are not expressed in the predifferentiated tissues of the embryo in which
Hh signaling is active. Moreover, mice lacking caveolins do not have defects
related to Hh signaling (Drab et al., 2001; Razani et al.,, 2001). When stably
expressed at lower levels in KNRK cells, also a kidney-derived fibroblastic line,
Ptc was not present at significant levels in Triton-insoluble rafts, although a
significant fraction was recovered in Lubrol WX insoluble membranes (Incardona
et al., 2002). Similarly, Smo was not strongly associated with Triton rafts in these
cells either in the presence or absence of Ptc. However, the activity of Smo could
not be analyzed in this system, so it is unclear if changes in Smo activity might
affect raft association. Moreover, raft association of endogenous Ptc or Smo in
cells with active signaling has not been determined.
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The standard methods for assessing raft-dependency of a signaling cascade
entail raft disruption in intact cells by cholesterol binding agents, typically
modified cyclodextrins or polyene antibiotics such as filipin. Currently, the only
assays for Hh signal transduction in vertebrate cells utilize changes in gene
expression after a minimum of a day of exposure to ligand. Since embryonic
cells generally cannot withstand high concentrations of cholesterol binding agents
for this duration, it has been difficult to determine a role for rafts by these
methods. The putative role for rafts can and should be tested in Drosophila cells,
however, where there are more rapid endpoints for Hh signaling, such as
phosphorylation of Smo (Denef et al., 2000). However, the sterol auxotrophy of
Drosophila may have interesting implications. Since Drosophila incorporate
whatever yeast and plant sterols are in their diets (Bos et al., 1976; Feldlaufer
et al, 1995), it is likely that they have evolved a tolerance for variations in
membrane sterol composition. However to rule rafts in or out may simply
require more detailed biochemical analyses of Ptc and Smo from both insect and
vertebrate systems.

7. Sterol-sensing domain proteins and signaling

In Drosophila, mutations in the SSD of Ptc render the protein incapable of
regulating Smo, but do not affect binding of Hh and transport to endosomes
(Martin et al., 2001; Strutt et al., 2001; Johnson et al., 2002). This is the first link
of the SSD to regulation of signal transduction, but the mechanism remains a
mystery. Ptc SSD mutants also antagonize the activity of the wild-type protein,
suggesting that they compete for a factor involved in Smo inhibition. Another
possibility is that the SSD is necessary for the colocalization of Ptc and Smo.
Alternatively, since many transporters multimerize, and there is genetic evidence
for multimerization of Ptc (Johnson et al., 2000), Ptc SSD mutants could
antagonize the wild-type through a direct interaction. A difficulty in interpreting
these studies is that the nature of an intrinsic activity for Ptc is unknown. The
likelihood that Ptc possesses a permease activity similar to NPCI1 raises the
intriguing possibility that Ptc inhibits Smo by regulating the transbilayer
distribution of a lipid or lipophilic substrate required for Smo activity. Although
it is unknown how the SSD of NPC1 is linked to its permease activity, such an
analysis would be more straightforward for that molecule. The genetic data from
both Ptc and NPC1 indicate that the SSD is not involved in the overall targeting
of the proteins, since the SSD mutants of each do not have gross changes in their
localization to late endocytic compartments (Watari et al., 1999; Martin et al.,
2001; Strutt et al., 2001). However, the failure of NPC1 SSD mutants to enter the
late endosomal internal membranes and the recent finding that LBPA-rich
membranes are important for Shh signaling (Incardona et al., 2002) suggest that
an ultrastructural analysis of the mutants’ distributions is warranted.

Recent studies of the SSD within SCAP provide insight into how sterols act on
SSD proteins. SCAP regulates the activity of SREBPs by transporting them for
cleavage when sterol levels are low. SCAP-SREBP complexes are retained in the
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ER when sterols are abundant, but are incorporated into ER-Golgi transport
vesicles when sterol levels fall. Addition of sterols to ER membranes altered the
conformation of SCAP as determined by trypsin sensitivity, and this conforma-
tional change did not occur in SCAP SSD mutants (Brown et al., 2002). This
raises the possibility that sterols regulate the interaction of SCAP with other
proteins (an ER retention protein in this case) through SSD-mediated conforma-
tional changes. Additionally, the finding of sterol structural requirements for
induction of the conformational change suggests that sterols (or other “‘sensed”
lipids) do in fact interact directly with the SSD.

This raises several implications for Ptc. Although the cholesterol moiety of Shh
is not required for binding to Ptc, the fully lipid-modified protein is about 30-fold
more potent in activating signaling (and hence inactivating Ptc) (Pepinsky et al.,
1998). The enhanced potency could result from a cholesterol-induced conforma-
tional change within Ptc that alters its activity or trafficking. Studies indicating
that lipid-modified Shh is more efficient at targeting Ptc for lysosomal degradation
than unmodified forms are consistent with this idea (J.P.I., unpublished observa-
tions). Alternatively, Ptc activity might change upon transport into or out of a
sterol-rich microdomain after ligand binding. Whether this would be a Triton raft
or Lubrol raft, at the cell surface or in endosomes remains to be determined.

Other receptors have ligand-binding properties that are influenced by mem-
brane sterols through mechanisms unrelated to rafts. The oxytocin receptor
showed a stringent sterol requirement for ligand binding and appeared to interact
directly with sterols, showing very similar structural specificity as SCAP (Gimpl
et al., 1997; Brown et al., 2002). These studies may thus have wider implications
for receptor function, particularly in disorders of sterol biosynthesis.

8. Conclusions

The raft theory, the role of cholesterol in the formation of rafts and the
function of rafts in signaling and membrane transport, has found wide support in
an incredibly diverse array of cellular systems. However, these studies are largely
limited to cultured cells in vitro and there has been no systematic genetic analysis.
Given the complexities of lipid synthesis and the study of lipids in vivo, this is not
surprising. However, the hereditary disorders described here should provide
unique systems for genetic manipulation of rafts and a potential opportunity to
disrupt raft-dependent signaling in the whole animal. Moreover, these diseases
and their mouse models will provide a more detailed analysis of the wider roles of
cholesterol in signaling, and the relationships between signaling and membrane
trafficking. In particular, an increased understanding of neuronal cholesterol
homeostasis and vesicular transport provided by NPC disease will be important
for understanding B-amyloid precursor protein processing in Alzheimer disease,
which appears to be linked to both cellular cholesterol homeostasis and raft-rich
intracellular compartments (e.g., Koo and Squazzo, 1994; Simons et al., 1998;
Walsh et al., 2000; Kojro et al., 2001; Wahrle et al., 2002). Similarly, a greater
understanding of the role for sterols in the Hh pathway may help in the
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development of nonsurgical treatments for basal cell carcinoma, the most
widespread tumor in the aging population. While the diseases discussed here will
contribute in this way, they also demonstrate how little we really understand
about cellular functions of cholesterol. At the same time, these are disorders with
significant morbidity and mortality, but essentially no effective treatment. Affected
individuals would undoubtedly benefit from a broader scientific audience.
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1. Introduction

Many studies have shown that the brains of persons with Alzheimer’s disease
(AD) are subject to widespread oxidative stress. One important set of data arose
from in vitro models and suggests that the amyloid peptide causes extensive
degeneration and death of neurons by mechanisms that involve free radicals.
Another body of work revealed that oxidative stress is increased in regions with
amyloid deposition. In addition, emerging experimental data implicate cholesterol
in the early steps of amyloid formation. This review discusses the potential roles
of oxygen free radicals and cholesterol in the pathogenesis of AD. Results from
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our laboratory suggest that the cholesterol content in plasma and brain of
Alzheimer’s-transgenic mice is strongly correlated with the rate of development of
amyloid pathology. The data suggest two potential mechanisms whereby hyper-
cholesterolemia accelerates brain S-amyloid accumulation. One of these is altered
APP processing and the other is increased apoE expression. Participation of
unscheduled oxidations (oxidative stress) in these processes is possible, as
suggested by significant parallels with atherosclerosis.

2. Neuropathology of AD

AD is a progressive neurodegenerative disorder characterized by behavioral
pathology and global deterioration of intellectual functions (Selkoe, 2000).
A major neuropathologic feature of AD is the neuritic or senile plaque, which, in
addition to other components, is comprised primarily of insoluble S-amyloid
fibrils of a 40- to 42-amino acid peptide termed ApB (Selkoe, 2000). Ap is
proteolytically derived, by the action of 8- and y-secretase activities, from the
large precursor protein APP (Selkoe, 2000). Alternately, APP is cleaved by
a-secretase activities, producing a soluble APP fragment (sAPP«), which precludes
Ap formation (Moghadasian, 1999). Recent studies have shown that increased
levels of ApB peptides are among the earliest detectable abnormalities in the
pathophysiology of AD and may mediate downstream events that lead to
neuronal degeneration and cognitive decline (Selkoe, 2000). Intracytoplasmic
neuronal inclusions called neurofibrillary tangles are another conspicuous neuro-
pathologic feature of the disorder (Esiri et al., 1997). Filamentous bundles of
hyperphosphorylated tau proteins are, among other cytoskeletal proteins, the
principal components of these lesions (Grundke-Igbal et al., 1986; Kosik, 1993).
Another hallmark of AD is the extensive neuronal and synaptic loss in brain;
these deficits appear to be the most responsible for patients’ symptoms (Hyman
et al., 1995; Masliah, 1995). Senile plaques and neurofibrillary tangles are also
present (in substantially fewer numbers) in most intellectually normal individuals
fortunate to reach an advanced age (Pappolla et al., 1999). In addition, these
lesions are consistently observed in the majority of older patients with Down
syndrome (Esiri et al., 1997). Most cases of AD are sporadic, but approximately
5% have a familial pattern of inheritance. The neuropathology is identical in both
forms (Esiri et al., 1997).

3. Amyloid as the cause of neuronal degeneration in AD

Several lines of evidence strongly implicate AB in the widespread neuronal
degeneration that occurs in brains with AD, including genetic studies identifying
several point mutations within the APP gene. These mutations segregate with a
subgroup of patients afflicted with a familial form of AD, strongly suggesting a
relationship between the APP gene, AS, and AD (Chartier-Harlin et al., 1991;
Goate et al., 1991). A second group of studies demonstrated that Ap is neurotoxic
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for cultured neurons (Yanker et al., 1990; Breen et al., 1991). A third line of
support for the AB hypothesis arises from observations that amyloid deposition
generally precedes the development of neurofibrillary changes (Pappolla and
Robakis, 1995; Tagliavini et al., 1988). Despite some initial controversy emerging
from in vitro studies, the weight of the evidence currently suggests that A is a
critical player in the pathogenesis of AD (Pappolla and Ogden, 2000).

4. The cholesterol-amyloid connection

Several clinical, epidemiologic, and laboratory studies suggest that cholesterol
plays a role in the pathogenesis of AD (Bodovitz and Klein, 1996; Mizuno et al.,
1998; Simons et al., 1998; Frears et al., 1999; Grant, 1999; Roher et al., 1999;
Wood et al., 1999; Bullido and Valdivieso, 2000; Jick et al., 2000; Refolo et al.,
2000; Sparks et al., 2000; Wolozin et al., 2000). These include in vitro studies
indicating that cellular cholesterol content modulates AB production and the
enzymatic processing of APP (Bodovitz and Klein, 1996; Mizuno et al., 1998;
Simons et al., 1998; Frears et al., 1999); animal studies demonstrating that
cholesterol modulates AB accumulation in the brain (Refolo et al., 2000; Sparks
et al.,, 2000); and several observational, clinical studies suggesting that the
prevalence and incidence of probable AD are lower in patients taking cholesterol-
lowering drugs (Jick et al., 2000; Wolozin et al., 2000). Taken together these
studies suggest that, at least in a subgroup of AD patients, there may be an
alteration of cholesterol homeostasis that modulates the disease neuropathology.

In a transgenic mouse model of AD (double APP/presenilin 1 mutant), we have
shown that diet-induced hypercholesterolemia resulted in a dramatic acceleration
of the neuropathologic and biochemical changes in the animals (Refolo et al.,
2000). The hypercholesterolemic mice showed a marked increase in amyloid
deposition and significantly greater levels of AB40 and AB42 peptides in the brain.
Levels of total AB correlated with the levels of both plasma and total brain
cholesterol. In addition, biochemical analyses of brain homogenates revealed that,
compared with the control, the hypercholesterolemic mice had significantly
decreased levels of secreted soluble APP N-terminus fragments (SAPP, cleaved at
the a-secretase site) and increased levels of APP BCTF (cleaved at the B-secretase
site) (Refolo et al., 2000). Conversely, we performed experiments blocking
cholesterol synthesis in transgenic mice that yielded virtually opposite results: a
dramatic decrease in the amyloid load in treated mice accompanied by enhanced
a-secretase cleavage of APP (Refolo et al., 2001).

Studies by other groups of investigators also support the hypothesis of a
connection between high cholesterol and amyloid pathology in vivo. In a study
using an APP gene-targeted mouse (expressing the Swedish familial AD mutation),
increased dictary cholesterol led to changes in levels of non-amyloidogenic sAPP«
in brain that were negatively correlated with serum cholesterol levels (Howland
et al., 1998). Reduction in secreted sAPP« leads to amyloidogenic APP processing
and ultimately increased ApS production. These results demonstrate that
APP processing and the level of ApB peptides can be modulated in vivo by
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hypercholesterolemia and provide evidence that cholesterol plays a mechanistic role
in the formation of amyloid. Further support for the link between cholesterol and
amyloid formation comes from in vitro studies that agree in concept with the in vivo
research. Cholesterol added to the culture medium of APP 751 stably transfected
HEK 293 cells lowers sAPP production (Bodovitz and Klein, 1996). In addition,
cells depleted of cholesterol by treatment with lovastatin showed reduced secretion
of AB, a phenomenon that is fully reversible by the re-addition of cholesterol
(Simons et al., 1998). Another study showed that the reduction of intracellular
cholesterol blocks the production of AS by reducing the production of amyloido-
genic APP C-terminal fragments by S-secretase. Conversely, supplementing these
cells with cholesterol resulted in increased S-secretase cleavage products along with
increased secretion of AB1-40 and AB1-42 (Frears et al., 1999). Taken together, the
data suggest that cholesterol causes an increase in amyloid generation by inducing
amyloidogenic processing of the amyloid precursor.

However, additional experimental data from human studies suggest that
cholesterol content alone (in the brain or plasma) may not be sufficient to account
for the extent of the amyloid pathology. In a recent retrospective review of
autopsy cases, conducted to determine whether a relationship exists between
amyloid deposition and cholesterolemia (Pappolla et al., unpublished observa-
tions), we found a highly significant association between cholesterolemia and
presence of amyloid; however, no significant correlation (in contrast with the data
from mice) was present between cholesterolemia and amyloid load. Therefore, it
appears that in addition to higher-than-normal cholesterolemia, amyloid pathol-
ogy in human brain is dependent on additional factors.

At present, one can only speculate as to how cholesterol levels affect brain AB
accumulation. Data from our experiments in transgenic mice and from other
laboratories suggest two possibilities: one is that alterations in plasma and/or CNS
cholesterol levels modulate APP processing and A accumulation. The other pos-
sibility would involve A clearance, which as suggested by ongoing studies in our
laboratories, may be mediated by higher-than-normal levels of apoE expression.

5. The apoE—amyloid connection

An important connection between cholesterol and AD is the epidemiologic and
genetic data implicating apoE, a cholesterol-transport protein, in various aspects
of the disease pathogenesis (Tomiyama et al., 1999; Fagan and Holtzman, 2000).
Despite the fact that apoE remains the main susceptibility gene in AD, its role in
the disease is poorly understood. Several pathogenic mechanisms have been
postulated, including functional differences between isoforms (Finch and Sapolsky,
1999), lipoprotein metabolism (Beffert et al., 1998), and levels of apoE expression
that may also vary as a response to various forms of injury (Laskowitz et al.,
1998). The last of these includes oxidative stress, which can also be triggered or
exacerbated by a spectrum of injury modalities including hypercholesterolemia
and hyperhomocystinemia, as well as other mechanisms ranging from head injury
to reactivation of latent infections.
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ApoE is a 299-amino acid protein that binds cholesterol and is a major
constituent of several cholesterol-carrying lipoprotein particles (Tomiyama et al.,
1999; Fagan and Holtzman, 2000). ApoE binds AB peptides and is believed to
promote fibrillization of soluble ApB, affecting amyloid clearance from the brain
(Fagan and Holtzman, 2000; Zlokovic et al., 2000). There are three common alleles
of apoE in humans: E2, E3, and E4. Genetic and epidemiologic studies indicate
that the E4 allele is a major risk factor for late-onset, sporadic AD. Individuals
with two copies of the apoE4 allele have elevated plasma cholesterol levels and
apoE levels and also increased risk for developing cardiovascular disease (Jarvik
et al., 1994; Jarvik et al, 1995; Notkola et al., 1998). The importance of apoE in AB
deposition has been strongly suggested in apoE-knockout mice, where there is
markedly decreased AB deposition and little or no fibrillar AS (Bales et al., 1999).
The three isoforms of ApoE differ in two amino acid positions such that E2
contains two cysteines in those positions E3 contains a cysteine in one of the
positions; while E4 does not have cysteines in either position. Interestingly,
Pedersen et al. (2000) have provided evidence that E2 and E3 isoforms are much
more effective in protecting neurons against oxidative injury because they are able
to covalently bind 4-hydroxynonenal, a toxic lipid peroxidation product that
covalently modifies proteins on cysteine residues. Previous studies have suggested
that lipid peroxidation and 4-hydroxynonenal play important roles in the degenera-
tion of neurons in AD (Mark et al., 1997a, 1997b; Mattson et al., 1997).

To support the hypothesis that apoE levels and cholesterol are related to, and
perhaps essential for, amyloid accumulation, we performed preliminary experi-
ments testing whether cholesterol regulates brain apoE levels in AD-transgenic
mice (Refolo et al., work in progress). Western and Northern blot methods
showed very large increases in mRNA and protein levels of brain apoE in the
mice that were placed on different cholesterol treatments. Results showed a strong
positive correlation between cholesterol levels, brain apoE expression, and the
amyloid pathology. The mean levels of brain apoE in the hypercholesterolemic
group were approximately 65% greater than that of the control group.
Conversely, the mean apoE levels in mice treated with cholesterol-lowering drugs
were approximately 31% less than that of the control group. Although this was
the first demonstration of such a regulatory pathway in the brain, it is not the
first time that a connection between cholesterol and apoE expression has been
demonstrated. In previous work conducted in rats, diet-induced hypercholester-
olemia led to increased apoE expression in the liver. While the mechanism for the
regulation of brain apoE by cholesterol remains unknown, the finding may
explain, in part, the link between cholesterol metabolism, apoE genotype, and an
increased risk of AD. In the context of these studies, it appears that cholesterol
influences both APP processing and brain apoE levels. Recently published data
from another group of investigators appear to support our hypothesis and show
that the levels of apoE mRNA and protein are significantly higher in the brains
and plasma of patients with AD (Boyt et al., 1999). Most germane to the above
discussion are studies in humans demonstrating that certain apoE-promoter
polymorphisms are associated with increased apoE expression and increased risk
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of AD, independent of the risk conveyed by the E4 allele of apoE. Interestingly,
some of these promoter polymorphisms appear to co-segregate with the apoE4
isoform. ApoE transcription is very complex and driven by an array of tissue-
specific cis-acting elements that are distributed as distal and proximal elements
along a 20-kb region spanning the gene. In the liver, apoE expression is regulated
by diet (Lin-Lee et al., 1981; Kim et al., 1989), thyroid and growth hormones,
insulin, and estrogens (Tam et al., 1986; Oscarsson et al., 1991; Ogbonna et al.,
1993).

6. Cholesterol and oxidative stress in AD

Work from many laboratories has demonstrated that brains of patients with
AD are subject to a pervasive load of oxidative stress. Among the most important
unresolved issues regarding the role of oxidative stress and AD is whether this
form of injury is the cause or consequence of amyloidogenesis. Current
experimental evidence suggests that both propositions may be operational, i.e.,
that an initial source of oxidative stress, such as high cholesterol or other forms of
injury, may initiate amyloid formation, which in itself is another potent source of
oxidative stress in AD. Thus, one could speculate that an initial free radical-
induced injury would inaugurate a vicious cycle in which amyloidogenic processing
of APP is further enhanced, generating more Ap, which in turn exacerbates
oxidative stress (Pappolla et al., 1995; Yan et al., 1995; Zhang et al., 1997).

Although mounting data from in vitro studies appear to support such a
mechanism, more information is necessary, since direct evidence of oxidation-
mediated amyloidogenesis is still lacking from in vivo paradigms. Therefore, the
possibility of whether such a self-sustaining cycle is involved in the pathogenesis
of AD is intriguing and in need of more supporting research. Figure 1 illustrates
the manner in which cholesterol and oxidative stress may be involved in the
pathogenesis of AD.

Thus, it is possible that cholesterol, acting through parallel mechanisms to those
of atherosclerosis, causes free radical-induced membrane damage to neurons and
increased apoE expression. In the case of AD, decreased secreted APP and
increased production of amyloidogenic fragments may result from cellular
cholesterol causing oxidation of membrane components and a decrease in
accessibility of secretases to APP substrate. In addition, increased apoE expression
may result from Ap-mediated oxidative damage and microglial cell activation,
leading to acceleration of A aggregation and its decreased removal. As mentioned,
both possibilities are supported by experimental data from AD-transgenic mice. In
addition, it was previously shown in microglia (which are the main cell type
producing apoE in response to damage of the nervous system) that apoE
transcription is strongly induced by tumor necrosis factor (Duan et al., 1995),
sterols (Duan et al., 1997), oxidized LDL (Cader et al., 1997), and neurotoxic
agents (Boschert et al., 1999). In this regard, elevated cholesterol content is
associated with increases in markers of oxidative stress (Prasad and Kalra, 1993)
that can lead to increases in AB generation (Pappolla et al., 1995; Yan et al., 1995;
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Fig. 1. How cholesterol and oxidative stress may be involved in the pathogenesis of Alzheimer’s disease.

Zhang et al., 1997). Superoxide dismutase-1 (SOD-1) is upregulated in vessels and
perivascular tissues in the presence of increasing cholesterol levels. In rabbits, a
highcholesterol diet increased the lipid peroxidation by-product, malondialdehyde,
and increased the oxygen free radical-producing activity of polymorphonuclear
leukocytes (Prasad, 1999). These indicators are reduced when vitamin E, a free-
radical scavenger, is administered in conjunction with high-cholesterol diets (Prasad
and Kalra, 1993). There is one potentially neurotoxic substance arising from altered
cholesterol metabolism, which may involve free-radical damage: 24S-hydroxycho-
lesterol, the main cholesterol-elimination product of the brain. 24S-hydroxycholes-
terol is increased in the serum of patients with Alzheimer’s disease, as well as those
with vascular dementia, and it is neurotoxic (Lutjohann et al., 2000). Interestingly,
the neurotoxicity of 24S-hydroxycholesterol is also prevented by vitamin E (Kolsch
et al., 2001). Clinical benefit on slowing time to important endpoints has been seen
with vitamin E in AD (Sano et al., 1997).

Identification of the subcellular and molecular targets of oxidative damage is an
important area for future study, and is being pursued by our laboratories. APP,
ApB, and the putative y-secretase have all been found in cholesterol- and glyco-
sphingolipid-enriched lipid rafts, raising the possibility that raft microdomains
or their associated proteins (such as caveolins), may be targets of oxidative injury.
Rafts are subcellular structures of eukaryotic cells that have been implicated
in many cellular processes, such as polarized sorting of apical membrane proteins
in epithelial cells and signal transduction (Kurzchalia and Parton, 1999).
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7. Cholesterol and AD: the clinical evidence

Several clinical studies have also identified significant associations among total
plasma cholesterol and AD risk. Notkola et al. examined the possible role of total
plasma cholesterol level and AD in a population-based sample of 444 men aged
70-89 years. The investigators found that a high cholesterolemia measured prior
to diagnosis was a significant predictor of the prevalence of AD, after controlling
for age and apoE isoforms. In men who subsequently developed AD, the
cholesterol level in plasma decreased before the clinical manifestations of AD.
These findings led the investigators to conclude that high total cholesterolemia is
an independent risk factor for AD and that the effect of the apoE epsilon 4 allele
on risk of AD may, at least in part, be mediated through high plasma cholesterol
(Notkola et al., 1998). Similarly, Jarvik and colleagues examined the relationship
between apoE genotype, cholesterolemia, and AD risk in a community-based
study of 206 AD cases and 276 controls. Using a logistic regression model, the
authors found that the relationship between apoE genotype and AD was
dependent, at least in part, on total plasma cholesterol (Jarvik et al., 1995). In
another population-based study of elderly African-Americans, Evans et al. found
that high cholesterol level was associated with increased prevalence of AD (Evans
et al., 2000). Additional support for this hypothesis is provided in a study by
Kivipelto et al. (Kivipelto et al., 2001). These investigators evaluated the impact
of elevated midlife plasma cholesterol level and blood pressure on the subsequent
development of mild cognitive impairment, a potential precursor of AD. The
authors found that elevated midlife cholesterol level was a significant and
independent risk factor for the development of late-life cognitive decline. Lastly,
observational studies have demonstrated an association between statin treatment
and reduced prevalence and incidence of probable AD (Jick et al., 2000; Wolozin
et al., 2000), suggesting that reduction of cholesterol levels before the disease
becomes manifested may decrease the risk of developing AD.

However, a number of studies regarding cholesterol and AD (Sparks, 1997;
Mason et al., 1992) have generated contradictory information. Examining the fron-
tal cortex of AD patients with apoE4 genotypes, one study reported that the
cholesterol content was significantly increased compared to nondemented controls
(Sparks et al., 1997). Data from another study, however, produced the opposite
results (Mason et al., 1992). In addition, there are variable data and no consensus
among studies regarding whether the levels of plasma and CNS cholesterol are
elevated or decreased in AD patients (Roher et al., 1999). Some studies report a lack
of correlation between high cholesterol and incidence of AD (Romas et al., 1999).

There are several possible explanations for these discrepancies. First, studies
examining samples of older individuals can be inadvertently biased by the fact that
those with the highest levels of plasma cholesterol generally die at younger ages from
cardiovascular events and are lost from the sample, introducing a “‘survivorship
effect” into the population (Newschaffer et al., 1992). Second, experimental data
suggest that the extent of amyloid deposition may be influenced by events that
regulate removal of amyloid peptides from the brain (Zlokovic et al., 2000); therefore,
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better clearance mechanisms in certain individuals may preclude clinically significant
accumulations of amyloid, despite increased cholesterol-mediated amyloidogenesis.
Third, population-based studies of patients that subsequently developed AD showed
a significant decrease in plasma cholesterol levels preceding development of cognitive
symptoms (Notkola et al., 1998), potentially obscuring the past effects of higher
cholesterol levels earlier in life. Finally, negative studies correlating the clinical
diagnosis of AD with cholesterolemia did not have neuropathologic confirmation of
the diagnosis and may have included some cases of non-AD dementia, weakening the
association between cholesterol and AD. Because of these reasons we conducted
a retrospective review of autopsies and found that a relatively mild elevation of
cholesterol was an early risk factor for the development of amyloid deposition.
Although this observation established a link between cholesterolemia and amyloid
pathology, there was a relatively poor correlation between levels of cholesterol and
the extent of the pathology. Thus, a substantial number of individuals with “higher-
than-normal” cholesterol levels never developed enough amyloid for this to become
clinically significant, which suggested that additional factors (such as poor clearance)
may be required in the human brain (a “two-hit” mechanism).

8. Conclusions

Most recent developments in the study of AD pathogenesis resulted from the
compositional analysis of senile plaques and neurofibrillary tangles that began
over two decades ago. These research efforts have provided intriguing information
about the role of several factors, including cholesterol and oxidative stress, in the
pathogenesis of this condition. Although many facets of the biology and genetics
of this disease remain to be discovered, strides have been made toward developing
animal models and elucidating the biological properties of several proteins such as
ApB, APP, presenilins, and apolipoproteins, and of factors that can modulate their
interactions. This information has resulted in the development of strategies aimed
at either reducing production or aggregation of AB or at blocking the neuro-
toxicity and inflammation that this peptide appears to cause in brain regions
responsible for intellectual functioning. Based on the findings reviewed here,
it would seem that interventions with lipid-lowering drugs, antioxidants, and/or
anti-amyloidogenic strategies may be therapeutically beneficial in late-onset,
sporadic AD.
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1. Introduction

Phospholipases A, (PLA,) are enzymes that hydrolyze the sn-2 ester bond in
the glyceroacyl phospholipids present in lipoproteins and cell membranes, forming
nonesterified fatty acids (NEFA) and lysophospholipids (Dennis and Six, 2000).
These products may either act as intracellular secondary messengers or be further
metabolized into mediators of a broad range of cellular processes (for review see:
Brash, 2001; Fitzpatrick and Seberman, 2001; Funk, 2001; Hla et al., 2001). This
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chapter is motivated by evidences accumulated in recent years suggesting that
PLA, activity present in arterial intima-media tissue and in plasma may contribute
to atherosclerosis, the main pathological process behind cardiovascular diseases
(CVD) (Hurt-Camejo and Camejo, 1997; Sartipy and Hurt-Camejo, 1999; Hurt-
Camejo et al., 2000; Kovanen et al., 2000). In vivo and in vitro results indicate that
PLA, may hydrolyze the phospholipids of the apolipoprotein (apo) B-100-
containing lipoproteins retained in the arterial intima (Camejo et al., 1985;
Daugherty et al., 1988; Tailleux et al., 1993; Keaney et al., 1995). The products of
this hydrolysis, NEFA and lysophospholids, can trigger a variety of proinflamma-
tory actions, which may contribute to atherosclerotic plaque development
(Sparrow et al., 1988; Gimbrone, 1995; Berliner and Heinecke, 1996; Olsson et al.,
1999; Perrella et al., 2001). Furthermore, PLA,-modified apoB-100 lipoproteins,
which are more susceptible to further enzymatic and nonenzymatic modifications,
induce accumulation of intracellular lipids in macrophages and bind strongly to
extracellular matrix proteoglycans (Menschikowski et al., 1995; Hurt-Camejo et al.,
1997; Romano et al., 1998; Sartipy et al., 2000). Furthermore, PLA, can induce
aggregation and fusion of the matrix-bound lipoproteins and hence further
increase their binding strength to the matrix proteoglycans (Hakala et al., 2001).
Thus, in atherosclerosis-prone regions of arteries, PLA, activity may contribute to
both intra- and extracellular accumulation of apoB-100 lipoproteins, a hallmark
of atherosclerotic lesions. In addition to the potential modification of lipoproteins,
PLA, is also reported to induce cycloxygenase-2 expression, cytokine release by
macrophages and phagocytosis of injured cells thereby enhancing inflammation
and tissue damage (Hack et al.,, 1997; Cai et al., 1999; Bidgood et al., 2000;
Kaneko et al., 2000; Hernandez et al., 2002; Triggiani et al., 2002). On the other
hand, circulating PLA, activity can modify low-density lipoprotein (LDL) and
high-density lipoproteins (HDL) in plasma and may contribute to the generation
of an atherogenic lipoprotein profile associated with cardiovascular disease
(Leitinger et al., 1999; Sartipy et al., 1999; De et al., 2001). A high incidence of
cardiovascular disease is reported in patients with rheumatoid arthritis who have
prolonged periods of high extracellular secretory PLA2 type IIA activity (sPLA,-
IIA) in the plasma (Wallberg-Jonsson et al., 1999). Furthermore, recent clinical
studies indicate that an elevated plasma level of PLA, is a strong independent risk
factor for coronary heart disease(Kugiyama et al., 1999; Packard et al., 2000;
Porela et al., 2000). Whether this is associated with the proatherogenic mechan-
isms of PLA, activity in plasma or with their actions in the arterial wall remains
to be elucidated. The hypothesis of the potential involvement of PLA, activity in
the pathogenesis of atherosclerosis is reinforced by in vivo data showing that
transgenic mice expressing human SPLA,-ITA have increased susceptibility to
atherosclerosis(Ivandic et al., 1999; Leitinger et al., 1999). In this chapter we
present evidence supporting the proatherogenic properties of PLA, activity
contributing to cardiovascular diseases with a main focus on sPLA,-IIA enzyme.
We also discuss the expression of different PLA, enzymes in the heart and their
function in myocardial lipid metabolism associated with ischemic heart disease.
Finally, in future directions we discuss the need for further research to elucidate
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the physiological and pathological functions of different PLA2 enzymes recently
discovered and how this knowledge may represent a novel approach for the
development of therapies in cardiovascular disease treatment.

2. The family of PLA, enzymes

The phospholipase A, comprises a rapidly growing family of intracellular and
secreted enzymes, which hydrolyze the acyl-group at the sn-2 position of
glycerophospholipids to release fatty acids and lysophospholipids (Six, 2000).
Mammalian and Dennis secreted phospholipases A, (sPLA,) encompass 10 groups
of isoenzymes: 1B, IIA, IIC, 1ID, IIE, IIF, III, V, X and XII with a partial
overlapping tissue distribution (Ishizaki et al., 1999; Lambeau and Lazdunski,
1999; Valentin et al., 1999; Ho et al., 2001). The homology between these sPLA,
enzymes varies, however they have in common a low molecular weight,
13-20 kDa, except the type III which is 55.3 kDa (Valentin et al., 2000). They also
share the presence of 6-8 disulfide bridges, a Ca®"-dependent catalytic
mechanism, and a conserved three-dimensional structure. Group III and group
XII sPLA,s each have unique structural features, and are homologous to group I,
II, V and X sPLA,s only in the Ca2"-binding site (Gelb et al., 2000, Valentin
et al., 2000). Although the biological function of each of these SPLA, enzymes is
not clearly defined, mammalian sPLA, appear to be implicated in a variety of
physiological and pathological processes. These include lipid digestion, release of
potent lipid mediators in response to cytokines (Murakami et al., 1998), cell
proliferation (Hernandez et al., 1998; Pruzanski et al., 2001), control of virus and
bacterial infection (Fenard et al., 1999; Koduri et al., 2002), removal of apoptotic
or injured cells (Hack et al., 1997, Cummings et al., 2000), phospholipid repair,
lipoprotein catabolism (de et al., 1997; Sartipy et al., 1999; Menschikowski et al.,
2000; Min et al., 2001), blood coagulation (Mounier et al., 2000) and inflamma-
tion (Han et al., 1999) (for review see: Uhl et al., 1997). Interestingly, sPLA,
activity is also reported to facilitate cholesterol absorption (Mackay et al., 1997).
More recently, some reports indicate that sPLA, may activate cells through direct
interaction with cell surface receptors independently of the enzymatic activity of
sPLA,(Rufini et al., 1999; Triggiani et al., 2002).

3. SPLA,-IIA in the arterial tissue

The human secretory non-pancreatic PLA, belongs to the group II-A
(SPLA,.IIA) and is characterized by a low molecular weight (14.4kDa), a pH
optimum of 7-9, and a requirement of mM calcium concentrations for activity.
The enzyme was first isolated and purified from rheumatoid synovial fluid and is
often referred to in the literature as synovial fluid sPLA,. The human sPLA,-ITA
was cloned in 1989 by Kramer and co-workers. Interestingly, the gene for sPLA,-
ITA resides on chromosome 1 and lies within a sPLA, gene cluster of about
300kbp that also contains the genes for group IIC, IID,IIE, IIF and V sPLA,
(Kramer et al., 1989; Valentin et al., 2000), suggesting that these genes arise from
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a common ancestor by gene duplication (Murakami et al., 2002). The crystal
structure of the human recombinant sPLA, was established ( Wery et al., 1991;
Berg et al., 2001). SPLA,-ITA contains 7 disulfide bridges resulting in a rigid
structure, and there are 23 cationic amino acid residues, Arginine (Arg) and
Lysine (Lys), which contribute to the high positive charge of the protein
(pI =10.5). Specific cationic residues, mainly Arg-7, Lys-10 and Arg-16, are
involved in the interfacial binding of the enzyme to its substrate. However, the
functions of other positively charged patches remain unclear. Several evidences
suggest two different functions. First, to facilitate the interaction with negatively
charged proteoglycans in cell membranes and extracellular matrices, an interaction
that may contribute to the accretion and modulation of local sPLA,-ITA activity
(Sartipy et al., 2000; Murakami et al., 2001). Second, to be involved in binding
with factor Xa and prothrombinase inhibition (Mounier et al., 2000).

In nonatherosclerotic human arteries, the sPLA,-ITA is mainly associated with
the smooth muscle cells of the media, whereas in atherosclerotic plaques the
enzyme is also found in macrophage-rich regions, in the acellular lipid core of
atheromas, and in the extracellular matrix of the diseased intima in association
with collagen fibers (Menschikowski et al., 1995; Hurt-Camejo et al., 1997,
Romano et al., 1998). Immunohistochemical studies performed by several research
groups show that sPLA,-IIA is found at all stages of atherosclerotic lesion
development (Menschikowski et al., 1995; Elinder et al., 1997; Hurt-Camejo et al.,
1997; Romano et al., 1998; Schiering et al., 1999; Menschikowski et al., 2000).
Cytoplasmic PLA, (Group 1V) is also present in atherosclerotic lesions containing
macrophages. However, the activity of SPLA,-ITA is more prominent than that of
the cytoplasmic enzyme in the same human plaque (Elinder et al., 1997).
Expression of sPLA, in vitro is reported to be regulated by differentiation of
monocytes into macrophages and by further exposure to mildly oxidized low-
density lipoprotein (Anthonsen et al., 2000).

In summary, immunohistochemical studies show that SPLA,-IIA is present in
normal arteries, and that, in early and late atherosclerotic lesions, its extracellular
distribution and level of cell expression is increased, suggesting that the enzyme
may be implicated in atherogenesis.

Most studies on sPLA,-IIA expression in vascular cells have been performed
with rat smooth muscle cells (Pfeilschifter et al., 1997; Rufini et al., 1999;
Couturier et al., 2000). Although some of these results can be extrapolated to
human arterial smooth muscle cells, recent studies suggest that regulation of
sPLA,-ITA gene expression is cell- and species-specific (Anderson et al., 1997,
Andreani et al., 2000; Peilot et al., 2000). The expression of both sPLA,-IIA
mRNA and protein by human arterial smooth muscle cells from the aorta and the
coronary and uterine arteries require conditions that promote cell differentiation
in vitro (Peilot et al., 2000). These in vitro results agree with immunohistochemical
data showing that, in arteries, the main source of sPLA,-IIA are smooth muscle
cells (Menschikowski et al., 1995; Elinder et al., 1997; Hurt-Camejo et al., 1997,
Romano et al., 1998; Schiering et al., 1999; Menschikowski et al., 2000; Peilot
et al., 2000; Sartipy et al., 2000). Electron microscopy shows that sPLA,-IIA is
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stored intracellularly inside vesicles close to the smooth muscle cell membrane
(Romano et al., 1998). Cytokines, in vitro, differentially modulate cell secretion
and mRNA levels of sPLA,-IIA. Thus, interferon-gamma (IFN-y) increases the
expression of mRNA and sPLA,-ITIA protein secretion 2- to 6-fold, and, after
addition of IFN-y, this effect lasts up to 48 hours. On the other hand, tumor
necrosis factor-alpha (TNF-«) stimulates sPLA,-IIA secretion for only 4hours,
without detectable changes in mRNA levels(Peilot et al., 2000). Interestingly, a
similar effect of TNF-« is seen in sPLA,-IIA transgenic mice(Laine et al., 1999).
Interleukin-10 (IL-10), an anti-inflammatory cytokine, downregulates IFN-y, but
not TNF-«, induction of sPLA,-ITA secretion. In contrast to what is reported
with rat smooth muscle cells, we found that interleukin-1-8 (IL1-8) alone is not a
strong inducer of sSPLA,-ITA in human arterial smooth muscle cells. Similar results
are also reported in human vein smooth muscle cells (Beasley, 1999).
Colocalization of sPLA,-ITA with the messenger RNA transcript for IFN-y,
IL1-8, and TNF-« in human atherosclerotic lesions supports a possible in vivo
involvement of these cytokines in the regulation of sPLA,-IIA gene expression
and protein secretion in atherosclerotic plaques (Menschikowski et al., 2000).

Cytokines acting on tissues may also indirectly regulate the circulating levels of
SPLA,-ITA in plasma. sPLA,-IIA is an acute-phase reactant and, in diseases that
involve systemic inflammation, such as sepsis, rheumatoid arthritis (Nevalainen,
1993), osteoarthritis (Pruzanski et al., 1991), cardiovascular disease (Kugiyama
et al., 1999; Kugiyama et al., 2000; Porela et al., 2000), its plasma levels are
increased. Recently, plasma levels of sPLA,-IIA were reported to increase with
increasing adiposity in Pima Indians, an obesity- and diabetes-prone population.
Thus, obesity may be associated with a low-grade inflammation (Weyer et al.,
2002). Hepatocytes synthesize and secrete sPLA,-IIA and other acute-phase
proteins in response to cytokines such as IL-6, TNF-«, and IL-18 (Vadas et al.,
1997), but not IFN-y (Peilot et al., 2000). In addition, peritoneal injections of
IL-6, TNF-o, and IL-18 increase plasma levels of sPLA,-IIA in transgenic mice
expressing the gene of human sPLA,-IIA (Laine et al., 1999). Together, these data
suggest that hepatocytes and vascular smooth muscle cells may contribute to the
bulk of circulating sPLA,-I