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Alzheimer’s disease (AD) is an age-related disorder characterized
by deposition of amyloid �-peptide (A�) and degeneration of
neurons in brain regions such as the hippocampus, resulting in
progressive cognitive dysfunction. The pathogenesis of AD is
tightly linked to A� deposition and oxidative stress, but it remains
unclear as to how these factors result in neuronal dysfunction and
death. We report alterations in sphingolipid and cholesterol me-
tabolism during normal brain aging and in the brains of AD
patients that result in accumulation of long-chain ceramides and
cholesterol. Membrane-associated oxidative stress occurs in asso-
ciation with the lipid alterations, and exposure of hippocampal
neurons to A� induces membrane oxidative stress and the accu-
mulation of ceramide species and cholesterol. Treatment of neu-
rons with �-tocopherol or an inhibitor of sphingomyelin synthesis
prevents accumulation of ceramides and cholesterol and protects
them against death induced by A�. Our findings suggest a se-
quence of events in the pathogenesis of AD in which A� induces
membrane-associated oxidative stress, resulting in perturbed cer-
amide and cholesterol metabolism which, in turn, triggers a neu-
rodegenerative cascade that leads to clinical disease.
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Changes that occur in the brain during aging increase the risk
of Alzheimer’s disease (AD), a disorder involving the pro-

gressive deposition of amyloid �-peptide (A�) and associated
degeneration of neurons in brain regions involved in learning
and memory (1). Two factors that are believed to contribute to
neuronal dysfunction and degeneration in AD are increased
oxidative stress and increased production of neurotoxic forms of
A� (2). Alterations in lipid metabolism may also play roles in AD
because the risk of AD is affected by inheritance of different
isoforms of apolipoprotein E (3), changes in cholesterol metab-
olism can affect A� production in cell culture and in vivo (4–6),
and drugs that lower cholesterol levels may reduce the risk of AD
(7, 8). However, a direct link between alterations in the metab-
olism of cholesterol and other membrane lipids in AD has not
been established, and it is not known whether and how such lipid
alterations might lead to neuronal dysfunction and death.

Membrane microdomains that are rich in cholesterol and
sphingolipids play important roles in various cellular signaling
pathways (9, 10). Sphingomyelin is a major source of ceramides,
lipid mediators that are generated when sphingomyelin is
cleaved by sphingomyelinases, enzymes activated by inflamma-
tory cytokines (11) and oxidative stress (12). Ceramides play
important roles in regulating an array of physiological processes,
including cell proliferation and differentiation, and a form of
programmed cell death called apoptosis (13). Ceramides have
been implicated in the pathological death of neurons that occurs
in ischemic stroke (14) and Parkinson’s disease (15). In the
present study, we document significant increases in levels of
membrane-associated oxidative stress, long-chain ceramides,

and free cholesterol in brain cells during normal aging in mice,
in AD patients, and in neurons exposed to A�. The intracellular
accumulation of ceramides and cholesterol, and the neurotox-
icity of A�, can be blocked by �-tocopherol and a small-molecule
inhibitor of ceramide production, suggesting a potential thera-
peutic benefit of agents that target sphingolipid metabolism
in AD.

Materials and Methods
Human and Mouse Brain Tissue Samples. Whole-tissue samples from
the middle frontal gyrus and cerebellum of autopsy-confirmed
AD patients and age-matched neurologically normal control
patients were obtained from the Johns Hopkins Brain Bank. The
average ages of the AD and control patients were 81 � 3 years
(range 68–93) and 82 � 4 years (range 68–96), respectively
(mean � SEM, n � 7 AD and 7 control patients). The average
postmortem interval for the AD and control patients were 9 �
1 h (range 5–12) and 11 � 2 (range 4–16), respectively (mean �
SEM, n � 7 AD and 7 control patients). Superior frontal cortex
samples from autopsy-confirmed AD patients who died with
mild, moderate, and severe cognitive impairment were obtained
from the Rush Alzheimer’s Disease Clinical Core. Clinical
stages were based on the Folstein mini-mental state examination
(MMSE) score (0–30) at the last yearly examination proximate
to death (mean interval between MMSE and death was �1 year)
The sample consisted of five mild (MMSE 23–29), eight mod-
erate (MMSE 11–20), and 12 severe (MMSE 0–10) patients, and
two neurologically normal control subjects. The average age of
patients was 79.8 � 2.0 (range 54–94). Average postmortem
interval for all AD patients was 5.6 � 0.6 h (range 2–14). No
clinical stage-associated difference in average postmortem in-
terval was present. Cerebral cortical tissue was obtained from
five male C57BL�6 mice of three different ages (3, 6, and 25
months). The mice were killed by anesthetic overdose (isoflu-
orane), brains were removed immediately, and cortical tissue was
dissected, f lash-frozen, and stored at �80°C. Samples from each
mouse brain were prepared and analyzed separately.

Measurements of Sphingomyelin, Ceramides, Cholesterol Esters, and
4-Hydroxynonenal (HNE) Adducts. Total lipids from brain tissue
samples, isolated membranes, and cultured cells were prepared
by homogenizing the tissue�cells at room temperature in 10
volumes of deionized water, then in 3 volumes of 100% methanol
containing 53 mM ammonium formate. Samples were vortexed,
four volumes of chloroform were added, and the mixture was
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again vortexed and then centrifuged at 1,000 � g for 10 min. The
chloroform layer was removed and analyzed by direct injection
into a Sciex (Thornhill, ON, Canada) 3000 electrospray tandem
mass spectrometer. Crude membranes were prepared from
midfrontal cortex gray matter by dissecting away meninges and
white matter, and gray matter was homogenized in ice-cold
buffer (20 mM Hepes, pH 7.6�20 mM NaCl�230 mM sucrose�1
mM DTT�Complete protease inhibitor�pepstatin�soybean
trypsin inhibitor�0.2% BHT for each gram of tissue) by using a
Brinkman Polytron homogenizer for 30 sec at setting 6. The
homogenate was centrifuged at 1,000 � g for 15 min at 4°C and
the nuclear pellet was washed one time and then discarded. The
combined original and wash supernatants were centrifuged at
100,000 � g for 1 h and the resulting crude membrane pellet was
quick-frozen and stored at 4 C. Before lipid extraction, the
membrane samples were normalized based on an average wet
weight of �19 mg. Electrospray tandem MS analyses were
performed by using methods described (16).

Cell Cultures, Experimental Treatments, and Analysis of Neuron Sur-
vival. Primary dissociated cell cultures of hippocampal neurons
were prepared from 18-day-old rat embryos by using methods
described (17). Cultures were maintained in 35- or 60-mm-
diameter polyethyleneimine-coated dishes or polyethylenei-
mine-coated 22 mm2 glass coverslips in neurobasal medium with
B27 supplements (GIBCO); experiments were performed in
cells that had been in culture for 6–8 days. A� 1–42 (Bachem)
was prepared as a 1-mM stock in water and was incubated
overnight at room temperature before dilution into culture
medium. FeSO4 was prepared as a 100� stock in water. Myriocin
(ISP-1) and �-tocopherol were prepared as a 500� stocks in
dimethyl sulfoxide and ethanol, respectively. The culture main-
tenance medium was replaced with neurobasal medium lacking
B27 supplements immediately before exposure of cells to ex-
perimental treatments. Apoptosis was quantified as described
(18). Briefly, cells were fixed in 4% paraformaldehyde in PBS
and were stained with Hoechst 33258. Stained nuclei were
observed under a fluorescence microscope and cells were scored
as apoptotic if their nuclear chromatin was condensed and
fragmented.

Statistical Analyses. Data were analyzed by ANOVA and pairwise
comparisons were made by using Scheffé’s post hoc test.

Results
Ceramides and Cholesterol Accumulate in Brain Cells in Association
with Oxidative Stress During Normal Aging. Electrospray tandem
MS was used to identify and quantify sphingomyelins and
ceramides of various hydrocarbon chain lengths and double-
bond contents in tissue homogenates from the cerebral cortex of
3-, 6-, and 25-month-old mice. Concentrations of C24:0 ceramide
in the cerebral cortex increased in an age-dependent manner
such that the concentration in 25-month-old mice was �3-fold
greater than in 3-month-old mice (Fig. 1 A and B). There was a
dramatic age-related increase in the concentration of C24:0
galactosylceramide, with the concentration being �100-fold
greater in cortical tissue from 25-month-old mice compared with
3-month-old mice (Fig. 1C). There was also a significant age-
dependent increase in the concentration of free cholesterol in
cortical tissue samples (Fig. 1C). In contrast to the age-related
increases in levels of ceramides and free cholesterol, the con-
centration of C24:0 sphingomyelin was greater in 6-month-old
mice than in 3- or 25-month-old mice (Fig. 1C). Oxidative
damage to brain cells may increase during aging (19), and
exposure of brain cells to oxidative stress increases the accumu-
lation of cholesterol in membranes (20). To establish an asso-
ciation between oxidative stress and the age-related lipid alter-
ations in the cerebral cortex of mice, we measured the amounts

of HNE adducts of lysine and histidine in the same cortical tissue
homogenates used for the lipid analyses. The substance HNE is
a lipid peroxidation product that has been previously associated
with brain aging and the pathogenesis of AD (21–23). As
expected, amounts of HNE adducts were significantly increased
in cortical tissue from 25-month-old mice, compared with 3- and
6-month-old mice (data not shown), suggesting an association
between age-related increases in oxidative stress and increased
ceramide and cholesterol levels.

Fig. 1. Levels of ceramides and cholesterol increase in the brain during
normal aging. (A and B) Representative electrospray tandem MS spectro-
grams showing relative levels of different ceramides in samples of cerebral
cortex from a 3-month-old (A) and a 25-month-old (B) mouse. (C) Levels of
sphingomyelin C24:0, ceramide C24:0, galactosyl-ceramide, and free cho-
lesterol in samples of cerebral cortex from 3-, 6-, and 25-month-old mice.
Values are the mean and SEM (five mice of each age). *, P � 0.01 compared
with the value for 3-month-old mice. ##, P � 0.01 compared with the value
for 6-month-old mice and P � 0.001 compared with the value for 3-month-
old mice.
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Levels of Ceramides and Cholesterol Are Increased in a Vulnerable
Brain Region but Not in a Nonvulnerable Brain Region of AD Patients.
We measured levels of sphingomyelins, ceramides, and choles-
terol in tissue samples from two different brain regions from
seven autopsy-confirmed AD patients and seven age-matched
neurologically normal control subjects. The two brain regions
studied were a region with extensive A� plaques and neurofi-
brillary tangles (middle frontal gyrus) and a region with only
diffuse A� deposits and few or no neurofibrillary tangles (cer-
ebellum). There were significant increases in the levels of
ceramide 24:0 and galactosylceramide in the middle frontal
gyrus, but not in the cerebellum of AD patients compared with
controls (Fig. 2A). Levels of free cholesterol were also signifi-
cantly increased in the middle frontal gyrus, but not in the
cerebellum, of AD patients. Levels of sphingomyelin were
significantly decreased in the middle frontal gyrus of AD
patients compared with controls, but were not decreased in the
cerebellum of AD patients (Fig. 2A). There was a highly signif-
icant increase in the amount of HNE adducts in the middle
frontal gyrus, but not in the cerebellum, of AD patients com-
pared with controls (Fig. 2B). These results indicated that
specific changes in cellular cholesterol and sphingolipid metab-
olism are associated with membrane oxidative stress and selec-
tive vulnerability of neurons in AD.

Because cholesterol and sphingolipids are enriched in mem-
branes (24), we isolated membranes from brain tissue samples
from AD patients who had died at different stages of the disease
progression (mild, moderate, and severe) as defined by their
cognitive functional status (see Materials and Methods) and from
age-matched controls. Levels of sphingomyelins were not sig-
nificantly different in samples from any of the three AD patient
groups compared with controls (Fig. 3A). Levels of long-chain
(C18:0 and C:24) ceramides were significantly increased in

membranes from AD patients compared with controls, with the
amount of the increases being positively correlated with disease
severity (Fig. 3B). The concentrations of galactosylceramide and
sulfatide in membranes isolated from AD patients were not
significantly different from concentrations in samples from
controls, although there was a trend toward increased concen-
trations in samples from AD patients (Fig. 3B). Levels of free
cholesterol were significantly increased in membranes from AD
patients, and among the AD patients, the amount of cholesterol
in the membranes was greater in patients with more severe
cognitive patients than in patients with mild impairment (Fig.
3C). As expected from previous studies (21), levels of HNE were
significantly increased in membranes isolated from the brains of
patients with mild, moderate, and severe AD, compared to

Fig. 2. Levels of ceramides and cholesterol increase in the brain in association
with oxidative stress in AD. (A) Levels of sphingomyelin C24:0, ceramide C24:0,
and free cholesterol in samples of middle frontal gyrus and cerebellum from
AD- and age-matched control patients. (B) Levels of HNE adducts in samples of
middle frontal gyrus and cerebellum from AD- and age-matched control
patients. Values are the mean and SEM (seven control and seven AD patients).

**, P � 0.01; ***, P � 0.001 compared with the value for control subjects and
with the value in cerebellum of AD patients.

Fig. 3. Levels of membrane-associated ceramides and free cholesterol are
increased in association with disease severity in AD. Levels of sphingomyelins
(A), ceramides and sulfatide (B), and free cholesterol (C) were quantified in
isolated membrane raft preparations of frontal cortex from AD patients with
mild, moderate, and severe cognitive impairment and age-matched control
patients. Values are the mean and SEM. *, P � 0.05; **, P � 0.01 compared with
the value for control subjects; #, P � 0.01 compared with the value for patients
with moderate disease severity.
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membranes from controls (data not shown). Among the AD
patients, levels of HNE increased in parallel with the increase in
disease severity.

A� and Membrane Lipid Peroxidation Induce the Accumulation of
Ceramides and Cholesterol in Neurons. Because levels of ceramides
and cholesterol were increased in tissue homogenates and iso-
lated membranes samples from vulnerable brain regions of AD
patients, we tested the hypothesis that A� deposition was
responsible for these abnormalities in membrane lipid metabo-
lism. Previous studies (22, 25, 26) showed that cultured hip-
pocampal neurons are vulnerable to being damaged and killed by
A�, by a mechanism involving induction of membrane lipid
peroxidation. When cultured hippocampal neurons were ex-
posed to A�1–42, levels of ceramides C18:0 and C24:0, choles-
terol and cholesterol esters were significantly increased in the
neurons; the increases were detected within 6 h of exposure
(Table 1), a time point before neuronal death which occurred
after 12–24 h of exposure (data not shown). Levels of sphingo-
myelin 24:0 were significantly decreased in neurons exposed to
A�1–42. The ability of A�1–42 to induce increased levels of
ceramides and cholesterol was associated with increased levels of
membrane oxidative stress, as demonstrated by increased levels
of the lipid peroxidation product HNE in neurons exposed to
A�1–42 (Table 1). Lipid peroxidation is apparently sufficient to
induce the alterations in ceramide and cholesterol levels in
neurons exposed to A�1–42, because similar increases in levels
of ceramides and cholesterol occurred in neurons exposed to
iron, an agent that induces hydroxyl radical production and
membrane lipid peroxidation (data not shown).

The pathways involved in sphingomyelin, ceramide, and
cholesterol metabolism are shown in Fig. 4. To determine
whether the increased levels of ceramides and cholesterol
esters induced by A� and oxidative stress were the result of
increased sphingolipid metabolism, we depleted hippocampal
neurons of sphingomyelin by treating them with ISP-1 (an
inhibitor of serine palmitoyltransferase, the rate-limiting step
in sphingolipid synthesis; refs. 27 and 28). In contrast to the
large increases in levels of ceramides and cholesterol esters
present in control hippocampal neurons exposed to A�1–42,
these oxidative insults caused little or no increases in levels of
ceramides and cholesterol esters in hippocampal neurons
pretreated with ISP-1 (Table 1).

Membrane-Associated Oxidative Stress and Ceramide Production Are
Required for A�-Induced Death of Neurons. Emerging findings
suggest that many neurons may die in AD by apoptosis or a

related form of programmed cell death (29). Because oxidative
stress and increased production of ceramides and cholesterol
have been associated with apoptosis (14, 30–32), we sought a
causal role for increased sphingolipid metabolism in the death
of neurons in AD. When cultured neurons were pretreated
with �-tocopherol before exposure to A�, the amounts of HNE
adducts, C:18 and C:24 ceramides and cholesterol were sig-
nificantly lower than in A�-treated neurons that had not been
pretreated with �-tocopherol (Table 1) As expected from our
previous studies (17) �-tocopherol protected neurons from
being killed by A� (data not shown). To determine whether
production of ceramides played a role in the death of neurons
induced by A� and oxidative stress, we pretreated cultured
hippocampal neurons with ISP-1 to reduce levels of ceramide
and then exposed the neurons to A�1–42 and HNE at
concentrations that induce apoptosis (18). A�1–42 and HNE
each induced the death of hippocampal neurons during a 24-h
exposure period (Fig. 5A). Pretreatment of neurons with
ISP-1 resulted in a significant decrease in the number of

Table 1. Levels of ceramides, cholesterol, and oxidative stress are increased in neurons exposed to A�1–42, and
�-tocopherol and an inhibitor of sphingolipid synthesis attenuates these effects of A�1–42

Compound Control 5 �M A� 100 nM ISP-1
100 nM ISP-1
plus 5 �M A�

50 ug�ml
�-tocopherol

50 ug�ml
�-tocopherol
plus 5 �M A�

SM C18:0 182 � 21 190 � 11 143 � 13 151 � 20 176 � 17 196 � 22
SM C24:0 69.4 � 7.8 12.6 � 2.8†† 57.5 � 1.2** 66.5 � 8.5** 64.3 � 4.3** 58.2 � 5.5**
Cer C18:0 20.0 � 1.4 39.6 � 2.1†† 23.4 � 4.1* 18.7 � 1.3** 18.1 � 4.7** 22.9 � 4.0*
Cer C24:0 0.95 � 0.05 2.40 � 0.21†† 1.65 � 0.20† 0.85 � 0.13** 0.63 � 0.09** 0.90 � 0.10**
Gal-cer C24:0 0.13 � 0.02 0.20 � 0.02† 0.11 � 0.01** 0.13 � 0.02** 0.11 � 0.09** 0.15 � 0.07*
Cholesterol 50.4 � 14.0 124.1 � 13.5†† 43.9 � 10.0** 71.7 � 13.5* 8.6 � 4.1††** 16.2 � 5.5††**
Chol-ester C18:1 2.10 � 0.31 3.30 � 0.25 1.65 � 0.29** 0.90 � 0.03††** 2.33 � 0.25 2.13 � 0.51
4HNE 0.19 � 0.04 1.20 � 0.28† 0.21 � 0.07** 0.23 � 0.06** 0.03 � 0.02††** 0.06 � 0.02††**

Cultured hippocampal neurons were pretreated for 24 h with 50 ug�ml �-tocopherol or for 30 min with either 100 nM ISP-1 or vehicle,
and were then exposed for 6 h to 5 uM A�1–42 or saline (control) and levels of sphingomyelins, ceramides, cholesterols, and HNE were
quantified. The values of HNE represent the sum of free, lysine-HNE (2-pentylpyrrole), and histidine-HNE adducts. Values (cps�total
phospholipids � 106) are the mean and SE of determinations made in three separate cultures. †, P � 0.05; ††, P � 0.01 compared with
the control value. *, P � 0.05; **, P � 0.01 compared with the value for cultures exposed to A� alone. SM, sphingomyelin; Cer, ceramide.

Fig. 4. Pathways of metabolism of sphingomyelin, ceramide, and choles-
terol, their modulation by oxidative stress, and their possible roles in neuronal
death in AD. The production of sphingomyelin from serine and palmitoyl CoA
is catalyzed by the enzyme serine palmitoyl CoA-transferase (SPT). Ceramides
are synthesized as precursors to sphingomyelin and are also generated by the
hydrolysis of sphingomyelin by sphingomyelinases (SMase). Exposure of cells
to reactive oxygen species and A� induces ceramide production. CAPK,
ceramide-activated protein kinase; CAPP, ceramide-activated protein
phosphatase.
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neurons killed by A�1–42 and HNE (Fig. 5A). When taken
together with previous studies showing that ceramide can
induce apoptosis of neurons (14), these findings suggest a
critical and essential role for perturbed sphingolipid
metabolism, and ceramide production in the neurotoxic ac-
tions of A�.

Discussion
The present findings document abnormalities in sphingolipid
and cholesterol metabolism in the brain during normal aging,
and in the brains of AD patients compared with age-matched
controls. Data from studies in which neurons were exposed to
A� suggest that this neurotoxic peptide may be responsible for
the membrane lipid abnormalities in AD, and that the lipid
alterations may be a pivotal event in the neurotoxic effects of A�.
When taken together with previous findings documenting in-
creased oxidative stress in brain aging and AD, the present
findings suggest the following sequence of events in the patho-
genesis of AD (Fig. 5B). Genetic and�or environmental factors,
together with the aging process, result in altered proteolytic
processing of the amyloid precursor protein and increased A�
production and aggregation. A� induces membrane-associated
oxidative stress, which alters membrane lipid metabolism, re-
sulting in increased amounts of ceramides and cholesterols. The
derangements of sphingolipid and cholesterol metabolism, in
combination with oxidative stress, cause synaptic dysfunction
and neuronal degeneration. The perturbed cholesterol and
sphingolipid metabolism may, in turn, enhance the production of
A�1–42 by facilitating �-secretase cleavage of amyloid precursor
protein, as suggested by recent studies (33–36). Because levels of
ceramides and membrane cholesterol were increased in vulner-
able brain regions but not in nonvulnerable brain regions of AD
patients, and because levels of ceramides and cholesterol were
increased in patients with mild to moderate symptoms, it is
possible that the abnormalities in lipid metabolism occur rela-
tively early in the course of the disease. This finding suggests an
important role for altered cholesterol and sphingolipid metab-
olism in the early stages of the neurodegenerative process.

Our data suggest that perturbed membrane lipid metabolism
in AD may result, at least in part, from increased A� production�
deposition, and that the increased ceramide production resulting
from the oxidative stress induced by A� may trigger the death of
neurons. We found that levels of HNE were significantly in-
creased in brain tissues of AD patients, which is consistent with
previous data suggesting that oxidative stress is an early and
pivotal event in the neurodegenerative process in AD (37).
Oxidative stress induced by A�1–42 and HNE caused ceramide
accumulation in hippocampal neurons, which is consistent with
previous studies showing that oxidative stress increases and
antioxidants decrease ceramide levels in tumor cells (38, 39).
ISP-1 prevented A�-induced death of hippocampal neurons,
suggesting pivotal roles for sphingomyelin metabolism and cer-
amide production in amyloid neurotoxicity. When sphingomy-
elin levels were reduced by treatment of cells with ISP-1, the
production of ceramides in response to A� was decreased, which
was consistent with sphingomyelin being the source of the
ceramides. Ceramides may trigger apoptosis in both physiolog-
ical and pathological settings. For example, it has been shown
that ceramide analogs can induce caspase-3 activation and poly
(ADP-ribose) polymerase cleavage (40), and overexpression of
the antiapoptotic protein Bcl-2 can prevent ceramide-induced
apoptosis (41). In addition, ceramide can act directly on mito-
chondria to induce membrane permeability transition and re-
lease of cytochrome c. Ceramides can also induce the death of
cultured hippocampal (42), cortical (43), mesencephalic (15),
and motor (44) neurons. Moreover, an increase in ceramide
levels is sufficient to cause neurological disease in humans as
exemplified by Farber’s disease, a disorder resulting from cer-
amidase deficiency and characterized by mental retardation and
motor dysfunction (45). The present findings therefore suggest
a role for excessive ceramide production in neuronal death
in AD.

Increasing evidence supports the involvement of perturbed
cholesterol metabolism in the pathogenesis of AD. Individuals

Fig. 5. Inhibitors of ceramide production protect neurons against death
induced by amyloid �-peptide and membrane oxidative stress. (A) Cultured
hippocampal neurons were pretreated for 30 min with 10 or 50 nM ISP-1 or
vehicle and were then exposed for 24 h to 5 �M A�1–42, 1 �M HNE, or saline
(control), and the numbers of neurons with apoptotic nuclei were quantified.
Values are the mean and SE of determinations made in four to eight separate
cultures. (B) Model for the role of altered membrane lipid metabolism in the
pathogenesis of AD. The aging process, in combination with genetic and
environmental factors, results in increased membrane-associated oxidative
stress and increased production and accumulation of neurotoxic forms of A�,
which itself exacerbates oxidative stress. The oxidative stress perturbs choles-
terol metabolism and activates sphingomyelinases, resulting in increased
ceramide production. The increased levels of ceramide and cholesterol may
trigger synaptic dysfunction and neuronal death.
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with an apolipoprotein E4 allele are at increased risk of AD, and
epidemiological data suggest that individuals prescribed choles-
terol-lowering drugs are at reduced risk of AD (7, 8). Oxidative
stress may be an important factor that promotes the kinds of
derangements of cholesterol and sphingolipid metabolism that
occur in AD. Studies of non-neuronal cells have shown that
oxidative stress and ceramide production can increase the ac-
cumulation of cholesterol in cells (46–49). High levels of free
cholesterol can be toxic to cells as demonstrated by the ability of
inhibitors of ACAT (an enzyme that converts free cholesterol to
cholesterol esters) to induce apoptosis (31, 50) and by the ability
of statins to protect neurons against ischemic�oxidative injury
(51, 52). In addition to having direct adverse effects in neurons,
the increased levels of ceramides in the brain during aging may

also promote inflammatory processes (14). The involvement of
perturbed sphingomyelin and cholesterol metabolism in the
neurotoxic actions of A�, and their strong associations with the
pathogenesis of AD, suggests a novel approach for therapeutic
intervention downstream of A�. Inhibitors of serine palmitoyl-
transferase and sphingomyelinases may prove effective in sup-
pressing the neurodegenerative process.
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