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Ceramide and Cholesterol: Possible Connections Between Normal
Aging of the Brain and Alzheimer’s Disease. Just hypotheses or

molecular pathways to be identified?
Claudio Costantini, Rekha M. K. Kolasani, Luigi Puglielli*

Department of Medicine, University of Wisconsin-Madison, and Wm. S. Middleton Memorial Veteran’s Hospital, Madison, WI, USA

bstract Even though it is known that aging is the single most important risk factor for Alzheimer’s disease
(AD), there is a lack of information on the molecular pathway(s) that connect normal aging of the
brain to this form of neuropathology. Because of the rise in average lifespan, the number of
individuals that reach the seventh or eighth decade of life and become at high risk for AD is rapidly
increasing. Current estimations predict that by 2050 about 45 to 50 million individuals will be
affected by AD worldwide. Here, we discuss the need for more age-directed research to understand
AD neuropathology. We also elaborate on the possible role of cholesterol and ceramide as molecular
connections between aging and AD, and as novel therapeutic targets for the prevention of
late-onset AD.
© 2005 The Alzheimer’s Association. All rights reserved.
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. Introduction

Alzheimer’s disease (AD) represents the most common
ause of dementia, affecting as many as 15 million individ-
als worldwide. It is characterized by progressive memory
eficits, cognitive impairments, and personality changes ac-
ompanied by diffuse structural abnormalities in the brain.
he symptoms of the disease include memory loss, confu-
ion, impaired judgment, personality changes, disorienta-
ion, and loss of language skills.

Based on the onset of the symptoms, AD is normally
ivided into 2 groups: early onset (�60 years) and late onset
�60 years). Early-onset AD accounts for approximately
% of all AD cases and has so far been linked to mutations
n the genes for the amyloid precursor protein (APP), pre-
enilin 1 (PS1), and presenilin 2 (PS2) (for review, see [1]).
ate-onset AD (LOAD) accounts for about 97% of AD
ases and has been associated with both environmental and
enetic risk factors. Among the environmental factors, hy-
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80-7291.
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ercholesterolemia, atherosclerosis, and history of head
rauma or stroke seem to be the most important. Among the
enetic risk factors, more that 45 putative polymorphisms
ave been reported so far, but only 1, the �4 allele of the
polipoprotein gene (APOE-�4) on chromosome 19 [2], has
een consistently found to be associated with AD in several
ndependent studies [3].

The pathologic and histologic hallmarks of AD include
xtracellular protein deposits termed senile (or amyloid)
laques, neurofibrillary tangles, and amyloid angiopathy
ccompanied by diffuse loss of neurons and synapses in the
eocortex, hippocampus, and other subcortical regions of
he brain. The dominant component of the plaque core is the
�amyloid peptide (A�) organized in fibrils of approxi-
ately 7 to 10 nm intermixed with nonfibrillar forms of this

eptide. The most characteristic form of the amyloid plaque
s normally referred to as the “neuritic plaque,” in which the
ense core of aggregated fibrillar A� is surrounded by
ystrophic dendrites and axons, activated microglia, and
eactive astrocytes. However, in addition to the classical
euritic plaque, diffuse deposits of A� (probably a prefi-
rillary form of the aggregated peptide) are also found

ithout any surrounding dystrophic neurites, astrocytes, or

ts reserved.
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icroglia. These plaques appear diffuse—hence the name
iffuse plaques—and can be found in limbic and association
ortices as well as in the cerebellum (where the classical
euritic plaque is almost always absent).

The common pathogenic event that occurs in all forms of
D is the abnormal accumulation of A� in the form of

myloid plaques or amyloid angiopathy. In the case of
amilial AD (FAD), the accumulation is mostly the result of
ncreased production of a specific 42-amino-acid isoform of
� (A� 42) that accelerates the aggregation and accumula-

ion of total A� into amyloid fibrils. Exceptions are the APP
Swedish” mutation, which elevates total A� levels, and
risomy 21 (Down syndrome), where a third copy of the
PP gene leads to an increased production of total A�. In
ontrast to FAD, the exact mechanisms that lead to the
ccumulation of A� in LOAD are not completely known,
ut they most likely involve disturbances in the rate of
roduction, clearance, and aggregation of A�. Additional
nformation on the mechanisms involved in the abnormal
ccumulation of A� in early- and late-onset AD can be
ound elsewhere [4–6].

A� is a 39- to 43-amino-acid hydrophobic peptide pro-
eolytically produced from a much larger transmembrane

ig. 1. Schematic view of A� generation from APP. APP is a type 1 mem
TM), and a short cytosolic tail. The A� region of APP (in red) includes th
equential proteolysis of APP at � and � sites. �-cleavage occurs at the N-te
hat is rapidly secreted into the extracellular milieu, and a small C-terminal
tep for the biosynthesis of A�, is carried out by BACE1 (a membrane-span
omain of APP by the �-secretase multimeric complex, which generates A
omain (AICD). The �-/�-pathway is activated by �-cleavage of APP betw
ragment (s�APP) and AICD. This pathway precludes the generation of A�
n culture.
recursor, APP (Fig. 1). APP consists of 695 to 770 resi- p
ues, APP695, APP751 and APP770 being the most common
orms expressed in the brain [7]. They all originate from
lternatively spliced mRNAs transcribed from a single
ene. APP is a type 1 glycoprotein with its amino terminus
n the extracellular surface, a single �23-residue trans-
embrane domain and a short cytoplasmic tail (Fig. 1).
uring its “life-cycle,” APP undergoes specific endoproteo-

ytic cleavage: first at the N-terminus of the A� region
�-cleavage) and then in the transmembrane domain of APP
�-cleavage). This proteolytic pathway generates a large
H2-ectodomain, A�, and a signaling active intracellular
omain (AICD) (Fig. 1). Additionally, APP can be cleaved
etween amino acids 16 and 17 of the A� region (�-
leavage), producing a small 3-kDa A� fragment, which
oes not aggregate in amyloid plaques. The majority of APP
s normally cleaved along the �-, rather than �-, pathway
for review, see [5,7]). The C-terminal fragments of APP,
roduced by �- and �-cleavage are called �- and �-APP-
TFs, respectively.

The amyloidogenic pathway (or �-pathway) involves the
equential recruitment of 2 enzymes: �-secretase, also
alled BACE1 (for �-site APP cleaving enzyme) [8–11],
nd �-secretase, a multimeric protein complex containing

rotein with a large extracellular domain, a single transmembrane domain
2 to 14 amino acids of the membrane domain. A� generation requires the
of the A� region of APP, generating a large N-terminal fragment (s�APP)
nt (�-APP-CTF) of 99 amino acids. This event represents the rate-limiting
artyl protease), and activates or allows a second cleavage in the membrane
ther cleavage at the � site liberates the signaling active APP intracellular
no acids 16 and 17 of the A� region and generates the secreted N-terminal
berates a truncated form of APP (s�APP) that shows neurotrophic activity
brane p
e first 1
rminus
fragme
ning asp

�. Fur
een ami

and li
resenilin, nicastrin, Aph-1, and Pen-2 [12–15]. �-Secretase
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sually cleaves APP either at position 40 or 42 of the A�
egion generating A�40 and A�42, respectively (Fig. 1).
lthough A�40 is more prevalent (75% to 90% of secreted
�), A�42 aggregates far more rapidly into amyloid fibrils

nd is more toxic. The first enzymatic event (�-cleavage)
epresents the rate-limiting step for the generation of A�
nd probably induces a change in conformation or a shift of
he �-APP-CTF outside the lipid bilayer, which allows the
ubsequent �-cleavage.

. Alzheimer’s Disease and Aging

Late-onset AD is a complex and heterogeneous disease
nd, together with other common disorders (eg, cardiovas-
ular disease, diabetes, and cancer), is also one of the most
ommon age-related diseases. Aging itself is the single most
mportant risk factor for LOAD. Because of the shift in life
xpectancy, it is estimated that in 2050 about 25% of the
opulation in the western world will be older than 65 years,
ne third of whom are likely to experience LOAD. By that
ime, the total number of patients suffering from AD world-
ide is expected to be about 45 to 50 million. Considering

hat the lifetime cost of care for an individual with Alzhei-
er’s is between US$150,000 and $200,000, it is not dif-
cult to foresee the tremendous economic burden.

Both the prevalence and incidence of LOAD increase
rogressively without a plateau. The prevalence of LOAD
oubles with every decade after the age of 60 and reaches

ig. 2. Schematic view of AD as part of the general programming of aging.
hite (no risk) to different levels of gray (risk), finally converging to
ypothetically expanding the average lifespan from about 30 to about 90 ye
he black part of the arrow. Indeed, the change in average lifespan observ
OAD. In this regard, it is worth remembering that maximum lifespan dif
rolonged by improving environmental conditions, maximum lifespan is inc
dramatic increase in average lifespan during the last few centuries, our m

ging (white–gray part of the arrow) to pathologic aging (black part of th
nvironmental risk factors (broken part of the arrow). In the case of FAD,
y the gain or loss of function of 1 or more genes (second arrow). The brok
nd the theoretical maximum lifespan of humans. The prevalence of AD i
hat a successful normal aging—in the absence of any sign of dementia—
xperience the transition from normal to pathologic aging (lower arrow).
bout 50% among individuals older than 85 years [16]. l
onsidering the lifespan of our general population, the
revalence and incidence of LOAD, and the average dura-
ion of the disease, it can be predicted that a simple delay of

years in the onset of the symptoms would reduce the
umber of patients affected by AD by about 50%. The
remendous increase in the incidence of LOAD that we are
xperiencing is almost exclusively explained by the increase
n average lifespan of the population and, therefore, in the
umber of individuals reaching the seventh and eighth de-
ade of life (Fig. 2).

From the biochemical–molecular perspective, we have
o envision aging as a product of changes that occur
uring life. These changes can lead to a “pathologic”
orm of aging (in our case, the Alzheimer form of de-
entia) if we live long enough and are exposed to spe-

ific risk factors (Fig. 2). The increasing lifespan of the
opulation is obviously working in that direction. The
ge-associated changes can be affected by either envi-
onmental or genetic risk factors, which will ultimately
odify (either delay or accelerate) the transition from

normal” to “pathologic” aging. Identification of the mul-
iple risk factors will help delay the onset of AD. How-
ver, only the understanding of aging at the molecular
evel will allow us to influence the molecular interaction
etween aging and the risk factors, therefore, bypassing
he negative effect(s) induced by a specific risk factor
either environmental or genetic). Let us assume, for
xample, that a polymorphism on a certain ligand (L) is

per arrow depicts normal aging as the product of continuous changes from
logic form of aging—in this case AD—(black part of the arrow). By
would expect a dramatic increase in the number of individuals that reaches
any countries is rapidly inducing a marked increase in the incidence of

m average lifespan. In fact, in contrast to average lifespan, which can be
by actually decreasing the rate of aging. Even though we have experienced

lifespan has not been considerably affected. The transition from normal
) can be affected —either delayed or accelerated—by both genetic and
sition from normal to pathologic aging of the brain is suddenly achieved
cal lines indicate the average onset of symptoms in both FAD and LOAD,
duals that are in the ninth decade of life does not reach 100%, indicating
achieved. These individuals do undergo age-associated changes but never
The up
a patho
ars, we
ed in m
fers fro
reased
aximum
e arrow
the tran
en verti
n indivi
can be
inked to a specific age-associated disease, and that the
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olymorphism itself affects the affinity binding to a re-
eptor (R). If the expression of R is under the general
ontrol of aging (ie, expressed late in life), the polymor-
hism will only be able to act if we reach the appropriate
ge (Fig. 3A). An increase in average lifespan will ob-
iously favor the incidence of that disease among the
opulation. Under the above conditions, we will be able
o identify the exact molecular pathway that is acting
ownstream (R) only if we envision the disease as part of
he general programming of aging (Fig. 3A). Once we
chieve that goal, we could design preventive approaches
hat block or delay either the age-associated expression
f R or the specific biochemical events downstream (L–R
nteraction). The above situation could be even more
ifficult to analyze if the molecular link between R and L
equires an adaptor protein that is expressed in an age-

ig. 3. Possible molecular mechanisms connecting aging to age-associate
eceptors; in these cases, the signal specificity is normally regulated by the
e affected by a polymorphism on the ligand (Lpol) that changes the Km of t
e can expect to observe the biological effect induced by Lpol only late in
roduced by aging (horizontal arrow). The increased number of vertical arr
B) In this scenario, neither L nor R expression levels are affected by aging
r change the signaling cascade downstream (R). Obviously, this situation
he purpose of this figure is to stress the need to evaluate the molecular ev

ashion. Obviously, different variations of the above situations or complete
ould be equally possible.
ependent fashion and that, when expressed, changes the p
ignaling cascade downstream (R) (Fig. 3B). If this is the
ase, we would never identify the biochemical pathway

or the potential pharmacologic targets— unless we en-
ision the disease as a function of age.

The fact that aging is the single most important risk
actor for LOAD suggests the existence of specific molecu-
ar–biochemical pathways that are activated (or blocked) in
n age-dependent fashion and somehow linked to one or
ore aspects of AD neuropathology. On this regard, it is

mportant to stress the fact that normal aging is also char-
cterized by moderate (or not severe) accumulation of A�
nto senile plaques and by loss of synaptic plasticity. There-
ore, we face 2 urgent needs: (1) to use cellular and organ-
smal models of aging to study the different aspects of the
olecular pathogenesis of AD, and (2) to analyze the pos-

ible role of molecular pathways that control the general

ses. (A) A certain ligand (L) can bind to different classes of cell-surface
nt affinities (Km) to the receptors. However, such form of regulation can
interaction. If the expression of R is activated in an age-dependent fashion,
he figure depicts R in different sizes to indicate the increased expression
icates the increased activation of the signaling event down-stream (L–R).
only activates the expression of an adaptor protein (A) that can influence

cur in the presence or absence of polymorphisms on the ligand.
volved in the pathogenesis of age-associated diseases in an age-dependent
nt models (including age-dependent inhibition of protective mechanisms)
d disea
differe

he L–R
life. T

ows ind
. Aging
can oc

ents in
differe
rogramming of aging in the pathogenesis of AD.
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. Ceramide: A Signaling Molecule that Connects
ging to AD?

Findings from our laboratory have recently shown that
eramide can regulate both APP processing and A� gener-
tion by affecting the molecular stability of BACE1 [17].
eramide is a lipid second messenger involved in many
iological events spanning from cell growth, apoptosis,
ifespan, and vesicular trafficking to neuronal differentiation
nd functioning. In turn, aberrant metabolism of ceramide
as been associated with inflammation, tumorigenesis, dia-
etes, and neurodegenerative disorders. From a metabolic
oint of view, ceramide functions as the backbone for sphin-
olipid metabolism, having roles in regulating the formation
f important sphingolipids such as sphingomyelin (SM),
cylceramide, glucosylceramide, galactosylceramide, and
ther complex glycosphingolipids, which are all highly en-
iched in the brain. From a signaling point of view, cer-
mide also serves as the precursor to an increasing family of
ioactive sphingolipids, including sphingosine, sphingosine
-phosphate, and ceramide 1-phosphate. However, the most
ntriguing functions of ceramide are related to its ability to
ransduce signals that are involved in the overall regulation
f terminal differentiation of neurons, cellular senescence,
roliferation, and death. Ceramide is normally considered a
entral regulator of cellular senescence [18,19]. Depending
n the cell type and the doses used, exogenously-added
eramide has been shown to either activate or inhibit apo-
tosis [20,21]. Intracellular levels of ceramide increase dur-
ng aging in both cultured cells and the entire organ [22–25].
n addition, ceramide levels are found to be increased by
ore than 3-fold in the brains of AD patients when com-

ared with age-matched controls [25,26]. Under senes-
ence-like conditions, ceramide has been shown to promote
utgrowth and survival of cultured neurons [27,28].

An additional and “puzzling” connection between aging
nd ceramide production comes from the yeast Saccharo-
yces cerevisiae, which shows a marked increase in life-

pan when a gene called longevity-assurance gene 1 (LAG1)
s deleted [29]. LAG1 resides in the endoplasmic reticulum
nd shows C26-ceramide synthase activity both in vivo and
n vitro [30,31]. The effect of LAG1 deletion on the lifespan
f S cerevisiae is rescued by the human homolog LAG1Hs,
hich is highly expressed in the brain, as well as in the testis

nd skeletal muscle [32]. The possible implications of the
east phenotype for normal aging of the human brain are
ery challenging but remain to be analyzed further.

Endogenous active ceramide is mostly generated by ei-
her de novo synthesis or hydrolysis of sphingomyelin (SM)
t the cell surface, the latter being the most important source
f the active pool of ceramide [33,34]. In neurons, ceramide
enerated by sphingomyelin hydrolysis can be produced by
ither a neutral- or acid-sphingomyelinase (SMase). The
ormer is localized in the axons, whereas the latter is local-

zed in the body of neurons [27]. Only the neutral SMase a
nSMase) generates the signaling active ceramide; the acid
Mase (aSMase) is involved in the catabolism of ceramide-
ontaining sphingolipids in the lysosomal compartment
33,34].

Cloning approaches directed against bacterial nSMase
ave recently identified 2 putative mammalian nSMases
apable of hydrolyzing sphingomyelin in vitro, nSMase1
35] and nSMase2 [36]. Further biochemical characteriza-
ion of both enzymes has indicated that only nSMase2
ulfills all the characteristics of the long-searched nSMase,
ncluding pH and Mg2� dependence, and ability to hydro-
yze sphingomyelin both in vitro and in vivo in the same Km
ange observed with purified membrane extracts [37–39].
s predicted, nSMase2 is highly expressed in the brain,

ocalizes in the late secretory pathway (close or at the
lasma membrane), and mimics the cellular functions de-
cribed for ceramide [36]. Interestingly, overexpression of
SMase2 in mammalian cells did not induce apoptosis [39],
pparently disputing a possible physiologic role of ceramide
n apoptosis. It still remains to be determined whether this is
he only nSMase or just a member of a larger family of
SMases sharing substrate specificity and different subcel-
ular localizations.

The generation of ceramide in neurons is mostly regu-
ated by the p75 neurotrophin receptor (p75NTR), which
ontrols the activation of endogenous nSMase [21]. Oxida-
ive and metabolic stresses, together with interleukin 1 and
-�,25-dihydroxyvitamin D3, have also been proposed as
dditional ways to activate nSMase, but final proof in vivo
s lacking. Additional identified nSMase activators, includ-
ng the p55 tumor necrosis factor receptor (TR55) and the B
ell CD40 glycoprotein receptor, do not play any role in the
egulation of ceramide metabolism in the brain. Binding of
eurotrophins to p75NTR activates nSMase and increases the
evels of intracellular ceramide. The increase in ceramide
evels is followed by axonal growth and inhibition of cell
eath [28,40]. Withdrawal of the nerve growth factor (NGF)
rom neuronal cultures activates apoptosis; this effect is
nhibited by exogenously added ceramide, which rescues
eurons from cell death [40,41]. In apparent contrast to the
bove studies, a chronic increase in intracellular ceramide
an inhibit axonal elongation, receptor-mediated internal-
zation of NGF, and activate cell death [20,27]. In addition,
t also reduces receptor-mediated internalization of lipopro-
ein-associated cholesterol [27], which is involved in the
egulation of synaptogenesis [42]. Such effects may be part
f a delicate set of events that occur during senescence, with
n age-dependent reduction of neuronal plasticity as a final
esult. Obviously, it still remains to be addressed whether
eramide regulates one or more molecular events linked to
D pathogenesis in an age-dependent fashion. If this is the

ase, we will also need to identify both the upstream and
ownstream events to advance toward the understanding

nd prevention of LOAD.
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. Cholesterol Homeostasis/Distribution in Neurons:
Possible Connection Among Aging, AD, and

ynaptogenesis?

The last few years have witnessed the emerging of many
esults implicating cholesterol with the pathogenesis of AD
reviewed in [5]). The initial observation that high levels of
holesterol in the brain and in cell lines could increase A�
eneration has been followed rapidly by more detailed anal-
ses of several molecular aspects of cholesterol metabolism,
hich have identified at least 5 different possible connec-

ions with AD neuropathology: (1) clustering of APP and
ACE1 into lipid rafts, which facilitates �-cleavage of APP

43]; (2) intracellular cholesterol distribution, which regu-
ates the amyloidogenic processing of APP [44,45]; (3)
zonolysis of cholesterol, which generates peroxi-deriva-
ives of cholesterol that accelerate the aggregation of A�
onomers [46]; (4) A�-mediated oxidation of membrane

holesterol, which liberates H2O2 and aggravates oxidative
tress [47,48]; and (5) biosynthesis of nonsterol isoprenoids
hat can affect APP processing without involving the “clas-
ical” cholesterol metabolic pathway [49–51]. This is fur-
her complicated by the complex interplay between the
ifferent members of the “cholesterol efflux” machinery,
ncluding apolipoproteins, ATP-binding cassette A1 trans-
orter (ABCA1), and the LXR family of nuclear receptors
hat could dramatically affect cholesterol homeostasis in the
rain [52].

However, many other aspects of cholesterol homeostasis
nd distribution in neurons still remain to be analyzed.
nfortunately, neurons (and the brain) have been almost

lusive in our effort to study in detail the molecular path-
ays that regulate cholesterol distribution and metabolism

nd their possible role in regulating neuronal functioning
nd age-associated modifications. The role of cholesterol
etabolism in the brain has so far been studied using 2 main

pproaches: in vivo radiolabeling and transgenic/knock out
odels. Unfortunately, neither of them has provided ex-

austive answers to our questions. Radiolabeling experi-
ents are limited by the fact that they are performed in

onditions of nonequilibrium (the blood– brain barrier im-
edes functional equilibrium between the cerebrospinal
uid and the plasma), whereas transgenic or knock-out
odels are complicated by the fact that the brain possesses
any “redundant” systems to regulate cholesterol ho-
eostasis and distribution, which compensate or overlap
ith the function of other molecules. In addition, the half-

ife of cholesterol metabolism in the brain is in the range of
everal months, which is enormous when compared with
hat in the liver (�1 day) [5,53]. Therefore, biochemical
issection of the many different molecular pathways is
equired.

When analyzing the relationship between cholesterol and
�, we also need to consider that A� is able to oxidize
holesterol [47,48], therefore, affecting both intracellular A
holesterol metabolism (oxysterols are powerful modulators
f cholesterol metabolism) and neuronal functioning (H2O2,
ne of the bio-products of sterol oxidation, is a powerful
nducer of apoptosis). The identification of the role that the
cylCoA: cholesterol acyltransferase (ACAT) plays in APP
etabolism and A� generation [44] seems to further

trengthen the importance of the identification of molecular
eterminants that control intracellular cholesterol homeosta-
is and distribution in the brain. In fact, ACAT is an allo-
teric enzyme that is mainly regulated by the availability of
ts 2 substrates, free cholesterol and fatty acids. Therefore,
he molecules that regulate the intracellular pool of free
holesterol and fatty acids will ultimately regulate ACAT
ctivity.

The above considerations are further complicated by the
act that we have very little understanding of how aging
nfluences neuronal cholesterol homeostasis and distribu-
ion. In this regard, it is important to consider that transgenic
r knock-out models of “cholesterol dyshomeostasis” de-
elop brain alterations only late in life, suggesting either a
ime- or an age-dependent effect. In the first case, the initial
oxa would require time to develop a phenotype that is only
elayed by the high plasticity of the brain; in the second
ase, instead, the noxa would need the activation (or inhi-
ition) of biochemical pathways to strike. The therapeutic
epercussions of the above situations are obviously very
ifferent.

. Conclusions

Studies from several groups, including ours, are starting
o delineate a complex network of biochemical pathways
hat can affect both A� biogenesis and the ability of the
rain to sustain or generate synapses. Some of these path-
ays often interact with each other and are influenced or
odulated by aging itself (Fig. 4). For example, aging

nduces a progressive increase of ceramide content in the
rain [25], which, in turn, can stabilize BACE1 and activate

ig. 4. Schematic overview of possible age-dependent interactions between
eramide and cholesterol, which could influence one or more molecular
vents linked to Alzheimer’s disease.
� production and secretion [17]. At the same time, cer-
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mide can regulate receptor-mediated uptake of lipoprotein-
ssociated cholesterol [27] and can affect maturation of the
terol regulatory element–binding protein (SREBP) [54],
herefore, influencing cholesterol metabolism and distribu-
ion in the brain. Both events control the generation of A�
nd the ability of neurons to generate and sustain their
ynapses [5,42]. In addition, aging is also accompanied by
rogressive oxidation of circulating lipoprotein, which can
ead both to intracellular accumulation of enzymatically
esistant cholesterol esters and to changes in cholesterol
ynamics [55]. Some of these events may be able to poten-
iate themselves, becoming difficult to dissect. However, the
reat challenge that lies ahead is the identification of all the
olecules and biochemical events that are involved in the

bove pathways during normal aging of the brain. Only then
e will able to understand how they influence the progres-

ion of Alzheimer’s disease and design specific treatments
or the prevention of this devastating form of dementia.

cknowledgments

Supported by the National Institute of Neurological Dis-
rders and Stroke (grant NS045669 to L.P.) and the Alz-
eimer’s Association (to L.P). C.C. is partially supported by
he Program of Molecular and Cell Biology, and Pathology
f the University of Verona (Italy).

eferences

[1] Bertram L, Tanzi RE. Alzheimer’s disease: one disorder, too many
genes? Hum Mol Genet 2004;13:R131–41.

[2] Corder EH, Saunders AM, Strittmatter WJ, Schmechel DE, Gaskell
PC, Small GW, et al. Gene dose of apolipoprotein E type 4 allele and
the risk of Alzheimer’s disease in late onset families. Science 1993;
261:921–3.

[3] Tanzi RE, Bertram L. New frontiers in Alzheimer’s disease genetics.
Neuron 2001;32:181–4.

[4] De Strooper B, Annaert W. Proteolytic processing and cell biological
functions of the amyloid precursor protein. J Cell Sci 2000;113:1857–
70.

[5] Puglielli L, Tanzi RE, Kovacs DM. Alzheimer’s disease: the choles-
terol connection. Nat Neurosci 2003;6:345–51.

[6] Selkoe DJ. Cell biology of protein misfolding: the examples of
Alzheimer’s and Parkinson’s diseases. Nat Cell Biol 2004;6:1054–
61.

[7] Selkoe DJ. Translating cell biology into therapeutic advances in
Alzheimer’s disease. Nature 1999;399:A23–31.

[8] Vassar R, Bennett BD, Babu-Khan S, Kahn S, Mendiaz EA, Denis P,
et al. Beta-secretase cleavage of Alzheimer’s amyloid precursor pro-
tein by the transmembrane aspartic protease BACE. Science 1999;
286:735–41.

[9] Hussain I, Powell D, Howlett DR, Tew DG, Meek T., Chapman C, et
al. Identification of a novel aspartic protease (Asp 2) as beta-secre-
tase. Mol Cell Neurosci. 1999;14:419–27.

10] Yan R, Bienkowski MJ, Shuck ME, Miao H, Tory MC, Pauley AM,
et al. Membrane-anchored aspartyl protease with Alzheimer’s disease
beta-secretase activity. Nature 1999;402:533–7.

11] Sinha S, Anderson JP, Barbour R, Basi GS, Caccavello R, Davis D,
et al. Purification and cloning of amyloid precursor protein beta-

secretase from human brain. Nature 1999;402:537–40.
12] Yu G, Nishimura M, Arawaka S, Levitan D, Zhang L, Tandon A, et
al. Nicastrin modulates presenilin-mediated notch/glp-1 signal trans-
duction and betaAPP processing. Nature 2000;407:48–54.

13] Francis R, McGrath G, Zhang J, Ruddy DA, Sym M, Apfeld J, et al.
aph-1 and pen-2 are required for Notch pathway signaling, gamma-
secretase cleavage of betaAPP, and presenilin protein accumulation.
Dev Cell 2002;3:85–97.

14] Goutte C, Tsunozaki M, Hale VA, Priess JR. APH-1 is a multipass
membrane protein essential for the Notch signaling pathway in Cae-
norhabditis elegans embryos. Proc Natl Acad Sci U S A 2002;99:
775–9.

15] De Strooper B. Aph-1, Pen-2, and Nicastrin with Presenilin generate
an active gamma-Secretase complex. Neuron 2003;38:9–12.

16] Morris JC. Is Alzheimer’s disease inevitable with age?: lessons from
clinicopathologic studies of healthy aging and very mild Alzheimer’s
disease. J Clin Invest 1999;104:1171–3.

17] Puglielli L, Ellis BC, Saunders AJ, Kovacs DM. Ceramide stabilizes
beta-site amyloid precursor protein-cleaving enzyme 1 and promotes
amyloid beta-peptide biogenesis. J Biol Chem 2003;278:19777–83.

18] Venable ME, Lee JY, Smyth MJ, Bielawska A, Obeid LM. Role of
ceramide in cellular senescence. J Biol Chem 1995;270:30701–8.

19] Venable ME, Obeid LM. Phospholipase D in cellular senescence.
Biochem Biophys Acta 1999;1439:291–8.

20] Irie F, Hirabayashi Y. Application of exogenous ceramide to cultured
rat spinal motoneurons promotes survival or death by regulation of
apoptosis depending on its concentrations. J Neurosci Res 1998;54:
475–85.

21] Ariga T, Jarvis WD,Yu RK. Role of sphingolipid-mediated cell death
in neurodegenerative diseases. J Lipid Res 1998;39:1–16.

22] Lightle SA, Oakley JI, Nikolova-Karakashian MN. Activation of
sphingolipid turnover and chronic generation of ceramide and sphin-
gosine in liver during aging. Mech Ageing Dev 2000;120:111–25.

23] Mouton RE, Venable ME. Ceramide induces expression of the se-
nescence histochemical marker, beta-galactosidase, in human fibro-
blasts. Mech Ageing Dev 2000;113:169–81.

24] Miller CJ, Stein GH. Human diploid fibroblasts that undergo a se-
nescent-like differentiation have elevated ceramide and diacylglyc-
erol. J Gerontol A Biol Sci Med Sci 2001;56:B8–19.

25] Cutler RG, Kelly J, Storie K, Pedersen WA, Tammara A, Hatanpaa
K, et al. Involvement of oxidative stress-induced abnormalities in
ceramide and cholesterol metabolism in brain aging and Alzheimer’s
disease. Proc Natl Acad Sci U S A 2004;101:2070–75.

26] Han X, D, MH, McKeel DW Jr, Kelley J, Morris JC. Substantial
sulfatide deficiency and ceramide elevation in very early Alzheimer’s
disease: potential role in disease pathogenesis. J Neurochem. 2002;
82:809–18.

27] de Chaves EP, Bussiere M., MacInnis B, Vance DE, Campenot RB,
Vance JE. Ceramide inhibits axonal growth and nerve growth factor
uptake without compromising the viability of sympathetic neurons.
J Biol Chem 2001;276:36207–14.

28] DeFreitas MF, McQuillen PS, Shatz CJ. A novel p75NTR signaling
pathway promotes survival, not death, of immunopurified neocortical
subplate neurons. J Neurosci 2001;21:5121–9.

29] D’Mello N P, Childress AM, Franklin DS, Kale SP, Pinswasdi C,
Jazwinski SM. Cloning and characterization of LAG1, a longevity-
assurance gene in yeast. J Biol Chem 1994;269:15451–9.

30] Schorling S, Vallee B, Barz WP, Riezman H, Oesterhelt D. Lag1p
and Lac1p are essential for the Acyl-CoA-dependent ceramide syn-
thase reaction in Saccharomyces cerevisae. Mol Biol Cell 2001;12:
3417–27.

31] Guillas I, Kirchman PA, Chuard R, Pfefferli M, Jiang JC, Jazwinski
SM, et al. C26-CoA-dependent ceramide synthesis of Saccharomyces
cerevisiae is operated by Lag1p and Lac1p. Embo J 2001;20:2655–

65.



[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

50 C. Costantini et al. / Alzheimer’s & Dementia 1 (2005) 43–50
32] Jiang JC, Kirchman PA, Zagulski M, Hunt J, Jazwinski SM. Ho-
mologs of the yeast longevity gene LAG1 in Caenorhabditis elegans
and human. Genome Res 1998;8:1259–72.

33] Venkataraman K, Futerman AH. Ceramide as a second messenger:
sticky solutions to sticky problems. Trends Cell Biol 2000;10:408–
12.

34] Sandhoff K, van Echten G. Metabolism of gangliosides: topology,
pathobiochemistry, and sphingolipid activator proteins. In: Hoekstra
D, editor. Current topics in membranes. Cell lipids. Vol 40. San
Diego: Academic Press, 1994, p. 75–91.

35] Tomiuk S, Hofmann K, Nix M, Zumbansen M, Stoffel W. Cloned
mammalian neutral sphingomyelinase: functions in sphingolipid sig-
naling? Proc Natl Acad Sci U S A 1998;95:3638–43.

36] Hofmann K, Tomiuk S, Wolff G, Stoffel W. Cloning and character-
ization of the mammalian brain-specific, Mg2�-dependent neutral
sphingomyelinase. Proc Natl Acad Sci U S A 2000;97:5895–900.

37] Sawai H, Domae N, Nagan N, Hannun YA. Function of the cloned
putative neutral sphingomyelinase as lyso-platelet activating factor-
phospholipase C. J Biol Chem 1999;274:38131–9.

38] Zumbansen M, Stoffel W. Neutral sphingomyelinase 1 deficiency in
the mouse causes no lipid storage disease. Mol Cell Biol 2002;22:
3633–8.

39] Marchesini N, Luberto C, Hannun YA. Biochemical properties of
mammalian neutral sphingomyelinase 2 and its role in sphingolipid
metabolism. J Biol Chem 2003;278:13775–83.

40] Brann AB, Scott R, Neuberger Y, Abulafia D, Boldin S, Fainzilber M,
et al. Ceramide signaling downstream of the p75 neurotrophin recep-
tor mediates the effects of nerve growth factor on outgrowth of
cultured hippocampal neurons. J Neurosci 1999;19:8199–206.

41] Ito A, Horigome K. Ceramide prevents neuronal programmed cell
death induced by nerve growth factor deprivation. J Neurochem
1995;65:463–6.

42] Mauch DH, Nagler K, Schumacher S, Goritz C, Muller EC, Otto A,
et al. CNS synaptogenesis promoted by glia-derived cholesterol.
Science 2001;294:1354–7.

43] Ehehalt R, Keller P, Haass C, Thiele C, Simons K. Amyloidogenic
processing of the Alzheimer beta-amyloid precursor protein depends
on lipid rafts. J Cell Biol 2003;160:113–23.

44] Puglielli L, Konopka G, Pack-Chung E, Ingano LA, Berezovska O,

Hyman BT, et al. Acyl-coenzyme A: cholesterol acyltransferase mod-
ulates the generation of the amyloid beta-peptide. Nat Cell Biol
2001;3:905–12.

45] Hutter-Paier B, Huttunen HJ, Puglielli L, Eckman CB, Kim DY,
Hofmeister A, et al. The ACAT inhibitor CP-113,818 markedly
reduces amyloid pathology in a mouse model of Alzheimer’s disease.
Neuron 2004;44:227–38.

46] Zhang Q, Powers ET, Nieva J, Huff ME, Dendle MA, Bieschke J, et
al. Metabolite-initiated protein misfolding may trigger Alzheimer’s
disease. Proc Natl Acad Sci U S A 2004;101:4752–7.

47] Opazo C, Huang X, Cherny RA, Moir RD, Roher AE, White AR, et
al. Metalloenzyme-like activity of Alzheimer’s disease beta-amyloid.
Cu-dependent catalytic conversion of dopamine, cholesterol, and
biological reducing agents to neurotoxic H(2)O(2). J Biol Chem
2002;277:40302–8.

48] Nelson TJ, Alkon DL. Oxidation of cholesterol by amyloid precursor
protein and beta-amyloid peptide. J Biol Chem 2005;280:7377–87.

49] Tschape JA, Hammerschmied C, Muhlig-Versen M, Athenstaedt K,
Daum G, Kretzschmar D. The neurodegeneration mutant lochrig
interferes with cholesterol homeostasis and Appl processing. Embo J
2002;21:6367–76.

50] Pedrini S, Carter TL, Prendergast G, Petanceska S, Ehrlich ME,
Gandy S. Modulation of Statin-Activated Shedding of Alzheimer
APP Ectodomain by ROCK. PLoS Med 2005;2:e18.

51] Cole SL, Grudzien A, Manhart IO, Kelly BL, Oakley H, Vassar R.
Statins cause intracellular accumulation of APP, beta-secretase
cleaved fragments, and Abeta via an isoprenoid-dependent mecha-
nism. J Biol Chem 2005;280:18755-70.

52] Rebeck GW. Cholesterol efflux as a critical component of Alzhei-
mer’s disease pathogenesis. J Mol Neurosci 2004;23:219–24.

53] Dietschy JM, Turley SD. Cholesterol metabolism in the brain. Curr
Opin Lipidol 2001;12:105–12.

54] Worgall TS, Juliano RA, Seo T, Deckelbaum RJ. Ceramide synthesis
correlates with the posttranscriptional regulation of the sterol-regula-
tory element-binding protein. Arterioscler Thromb Vasc Biol 2004;
24:943–8.

55] Brown AJ, Mander EL, Gelissen IC Kritharides L Dean, RT, Jessup
W. Cholesterol and oxysterol metabolism and subcellular distribution
in macrophage foam cells. Accumulation of oxidized esters in lyso-

somes. J Lipid Res 2000;41:226–37.


	Ceramide and Cholesterol: Possible Connections Between Normal Aging of the Brain and Alzheimer’s Disease. Just hypotheses... 
	Introduction
	Alzheimer’s Disease and Aging
	Ceramide: A Signaling Molecule that Connects Aging to AD?
	Cholesterol Homeostasis/Distribution in Neurons: A Possible Connection Among Aging, AD, and Synaptogenesis?
	Conclusions
	Acknowledgments
	References


