
Deregulation of sphingolipid metabolism in Alzheimer's disease

Xingxuan Hea, Yu Huangb, Bin Lib, Cheng-Xing Gongb, and Edward H. Schuchmana,c
aDepartment of Genetics and Genomic Sciences, Mount Sinai School of Medicine, 1425 Madison
Avenue, New York, New York, USA
bDepartment of Neurochemistry, New York State Institute for Basic Research in Developmental
Disabilities, 1050 Forest Hill Road, Staten Island, New York 10214 USA

Abstract
Abnormal sphingolipid metabolism has been previously reported in Alzheimer's disease (AD). To
extend these findings, several sphingolipids and sphingolipid hydrolases were analyzed in brain
samples from AD patients and age-matched normal individuals. We found a pattern of elevated acid
sphingomyelinase (ASM) and acid ceramidase (AC) expression in AD, leading to a reduction in
sphingomyelin and elevation of ceramide. More sphingosine also was found in the AD brains,
although sphingosine-1-phosphate (S1P) levels were reduced. Notably, significant correlations were
observed between the brain ASM and S1P levels and the levels of amyloid beta peptide (Aβ) and
phosphorylated tau protein. Based on these findings, neuronal cell cultures were treated with Aβ
oligomers, which were found to activate ASM, increase ceramide, and induce apoptosis. Pre-
treatment of the neurons with purified, recombinant AC prevented the cells from undergoing Aβ-
induced apoptosis. We propose that ASM activation is an important pathological event leading to
AD, perhaps due to Aβ deposition. The downstream consequences of ASM activation are elevated
ceramide, activation of ceramidases, and production of sphingosine. The reduced levels of S1P in
the AD brain, together with elevated ceramide, likely contribute to the disease pathogenesis.
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1. Introduction
Alzheimer's disease (AD) is the most common form of dementia in adults. It affects ~10% of
the population over 65 years of age, and approaches 50% by age 85. There are about 15 million
individuals with AD worldwide. AD is characterized clinically by progressive loss of memory,
pathologically by the presence of neuritic plaques and neurofibrillary tangles, and
biochemically by the accumulation of amyloid beta peptides (Aβ) and hyperphosphorylated
tau proteins (Morishima-Kawashima and Ihara, 2002; Yankner, 1996; Yankner et al., 2007).
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Numerous hypotheses have been put forth to describe the molecular mechanisms leading to
AD. The five most common hypotheses include: excessive Aβ production, tau protein
abnormalities, genetic predisposition (including mutations or polymorphisms in the presenilin
1 and 2, Aβ peptide precursor [APP], and/or apolipoprotein E genes), oxidative stress, and lipid
alterations (phospholipids and neutral lipids) (Farooqui et al., 2007; Hartmann et al., 2007;
Yankner et al., 2007).

A large body of evidence supports the fact that Aβ plays an important role in AD. In vitro,
Aβ has been shown to induce apoptosis via the sphingomyelin/ceramide pathway in various
brain cells, including human and rat primary neurons (Jana and Pahan, 2004; Ju et al., 2005;
Malaplate-Armand et al., 2006), rat oligodendrocytes (Cheng et al., 2003; Lee et al., 2004;
Malaplate-Armand et al., 2006; Zeng et al., 2005), rat astrocytes and glial cells (Ayasolla et
al., 2004), and murine neuroblastoma cells (Satoi et al., 2005). Calcium-dependent
phospholipase A (cPLA) (Malaplate-Armand et al., 2006), inducible nitric oxide synthase
(iNOS) (Ayasolla et al., 2004; Zeng et al., 2005), the p75 neurotrophin receptor (p75NTR)
(Costantini et al., 2005), and NADPH oxidase (Jana and Pahan, 2004) have each been shown
to be involved in the Aβ-related activation of the sphingomyelin/ceramide pathway. Tumor
necrosis factor-alpha (TNF-α) (Ayasolla et al., 2004; Zeng et al., 2005) and interleukin-6
(Fiebich et al., 1995) also are involved in Aβ-induced apoptosis. In vivo, Alessenko and
colleagues found that the activation of the sphingomyelin/ceramide pathway lies downstream
of the oxidative stress that follows Aβ administration (Alessenko et al., 2004).

Ceramide is the core constituent of most sphingolipids. It can be produced by hydrolysis of
sphingomyelin via sphingomyelinases, or synthesized de novo from fatty acyl CoA and
sphingosine. Sphingomyelin degradation is the probable source of most ceramide in cells
(Goni and Alonso, 2002). Ceramide is an important second messenger molecule that regulates
diverse cellular processes including cell growth, differentiation, and apoptosis. Ceramide levels
also increase in response to aging and various age-related stress factors (e.g., oxidative stress),
and are directly involved in apoptotic signaling in various cell types, including neurons
(Costantini et al., 2005; Cutler et al., 2004; Kolesnick and Kronke, 1998; Perez et al., 2005).
Furthermore, ceramide stabilizes the APP cleaving enzyme 1 (BACE1), promoting Aβ
biogenesis (Patil et al., 2007; Puglielli et al., 2003), and reduction of ceramide levels leads to
reduced secretion of APP and Aβ in human neuroblastoma cells (Tamboli et al., 2005). Thus,
it has been suggested that ceramide and Aβ may synergize to induce neuronal death in AD.

Several studies have examined the lipid abnormalities in AD brain. For example, the total
phospholipid and sulfatide content in AD was decreased as compared to normal (Cheng et al.,
2003; Gottfries et al., 1996; Han et al., 2002; Pettegrew et al., 2001; Soderberg et al., 1992),
while the ceramide and cholesterol levels were elevated (Cutler et al., 2004; Han et al.,
2002). Satoi et al. found that the ceramide levels in the cerebrospinal fluid (CSF) also were
increased in patients with AD (Satoi et al., 2005), and we recently reported that the level and
activity of acid ceramidase (AC) was elevated as well, perhaps in response to the elevated
ceramide (Huang et al., 2004). Herein we investigated the levels of sphingomyelin and several
other sphingolipid metabolites in the brains of AD patients, as well as the levels and activities
of several lipid-related enzymes. We report for the first time activation of acid
sphingomyelinase (ASM), elevation of sphingosine, and reduction of sphingosine-1-phosphate
(S1P). The elevated ASM and reduced S1P levels in AD were highly correlated with the levels
of Aβ and phosphorylated tau protein. We also found that treatment of neuronal cell cultures
with Aβ mimicked these sphingolipid changes and induced apoptosis, which was prevented
by pretreatment with recombinant human AC (rhAC). The therapeutic implications of these
findings and the role of ceramide and its metabolites in AD are discussed.
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2. Materials and Methods
2.1 Chemicals and reagents

Sphingomyelin and ceramide were from Matreya (Pleasant Gap, PA, USA). Sphingosine and
S1P were from Avanti Polar Lipids (Alabaster, AL, USA). Bodipy-C12 sphingomyelin,
Amplex Red, naphthalene-2,3-dialdehyde (NDA), and a human Aβ42 ELISA (HS) kit were
from Invitrogen (Carlsbad, CA, USA). Aβ (40-1) and Aβ (1-42) were obtained from the
American Peptide Company (Sunnyvale, CA, USA). Bodipy-C12 ceramide was a gift from
Professor Shimon Gatt (Hebrew University-Hadassah School of Medicine, Jerusalem, Israel).
High performance liquid chromatography (HPLC)-grade solvents and cell culture materials
were from Fisher Scientific (Pittsburgh, PA, USA). A protein assay kit was purchased from
Bio-Rad (Hercules, CA, USA). All other biochemical reagents were from the Sigma Chemical
Co. (St. Louis, MO, USA).

2.2 Human brain tissue
All of the human brain tissues were obtained from the Harvard Brain Tissue Resource Center
(Belmont, MA). Postmortem tissues from 9 AD patients (mean age 73.2 ± 10.1 years) and 6
control individuals (mean age 73.6 ± 8.2 years) were included in this study. The average
postmortem delay before tissue collection was 4.7 ± 3.2 hrs for AD and 5.0 ± 1.2 hrs for
controls. All of the AD brain samples were analyzed by histopathology to confirm the diagnosis
of AD. This was further confirmed by determining the levels of Aβ and phosphorylated tau
proteins (see below). The use of frozen human brain tissue was in accordance with the National
Institutes of Health guidelines and approved by our Institutional Review Boards.

2.3 Cell culture
Neuronal progenitor cells were isolated from the adult rat hippocampus and cultured in
neurobasal A medium consisting of 2% B27, 0.5 mM glutamine, 100 units/ml penicillin, 100
μg/ml streptomycin, and 10 ng/ml FGF at 37°C in a humidified 5% CO2 atmosphere (Chen et
al., 2007). The media was routinely changed every 2-3 days. When the cells reached ~80%
confluency, they were differentiated by replacing FGF with 5 μM retinoic acid and 10% fetal
calf serum. The neuronal cultures were used for experiments after 5-7 days of growth in the
differentiation medium. At this stage, ~80% of the cells expressed the neuronal markers βIII-
tubulin and microtubule-associated protein 2, and less than 5% expressed the astroglial marker
GFAP or the oligodendrocyte marker O4. For Aβ treatment of the neuronal cells, stocks of
soluble Aβ in distilled water were incubated at room temperature for 5 days and allowed to
form oligomers before addition to the cell media. The presence of Aβ oligomers was confirmed
by SDS-PAGE and immunoblot analysis.

2.4 Preparation of human brain homogenates
Gray matter was dissected from the frontotemporal area of the human brain samples and
homogenized at 4°C in 9 volumes of homogenization buffer containing 50 mM Tris, pH 7.6,
150 mM NaCl, 1.0 mM CaCl2, 1.0 mM MnCl2, 1.0 mM MgCl2, 0.5 mM PMSF, and 2.0 μg/
mL each of leupeptin, aprotinin and pepstatin A. After brief centrifugation at 270×g for 10 min
to remove large debris, the supernatant was collected and further centrifuged at 100,000×g at
4°C for 30 min. This second supernatant (from the 100,000g spin) was referred to as the
“soluble (cytosolic) fraction”. The 100,000g pellet, which mainly consisted of cytoplasmic
membranes and subcellular organelles other than nuclei, was extracted in the homogenizing
buffer plus 0.5% Triton X-100 and 0.05% SDS, followed by centrifugation again at
100,000×g at 4°C for 30 min. The resulting supernatant containing extracted membrane
components was defined as the “membrane fraction”.
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2.5 Lipid extraction
Twenty-five μl of each fraction (soluble or membrane) was mixed with 150 μl of
chloroform:methanol (1:2, v/v) and sonicated for 5 min. One hundred μl each of 1 M NaCl and
additional chloroform, and 10 μl of 3N NaOH were then added. After thorough vortexing and
centrifugation (13,000g for 2 min), the upper aqueous phase containing S1P was transferred
to a new tube, and the lower organic phase (containing sphingomyelin, ceramide and
sphingosine) was dried using a SpeedVac Concentrator (Thermo Electron Corporation,
Milford, MA, USA). To quantify the sphingomyelin, ceramide and sphingosine levels, the
dried lipid extract was resuspended in 25 μl of 0.2% Igepal CA-630 and the levels of each lipid
were determined as described below. For S1P quantification, 150 μl of chloroform and 10 μl
of HCl (concentrated) were added to the aqueous phase and vigorously mixed. After
centrifugation (13,000×g) for 2 min, the lower phase was transferred to a new tube, dried with
a SpeedVac Concentrator, and resuspended in 25 μl of ethanol.

2.6 S1P and sphingosine quantification
Ten μl of the lipid extracts (see above) were added into 20 μl of NDA derivatization reaction
mixture (25 mM borate buffer, pH 9.0, containing 2.5 mM each of NDA and NaCN). The
reaction mixture was diluted 1:3 with ethanol, incubated at 50°C for 10 min, and centrifuged
(13,000×g for 5 min). An aliquot (30 μl) of the supernatant was then transferred to a sampling
glass vial and 5 μl was applied onto an HPLC system (Waters, Milford, MA, USA) for analysis.
The fluorescent sphingosine or S1P derivatives were monitored using a model 474 scanning
fluorescence detector (Waters, Milford, MA, USA) at excitation and emission wavelengths of
252 and 483 nm, respectively. Quantification of the S1P and sphingosine peaks were calculated
from S1P and sphingosine standard calibration curves using the Waters Millennium software.
More detailed information regarding this method is currently being prepared for publication.

2.7 Ceramide quantification
To quantify ceramide, human recombinant acid ceramidase (rhAC) was added to the lipid
extracts, and the ceramide was fully hydrolyzed to sphingosine. This was then quantified using
the procedure described above (He et al., 2005). Briefly, 3 μl of the lipid extracts in 0.2% Igepal
CA-630 was mixed with 3 μl of an AC assay solution (0.2 M citrate-phosphate buffer, pH 4.5,
0.3 M NaCl, 0.2% Igepal CA-630, 10% fetal bovine serum, 50 ng/μl rhAC) and incubated at
37°C for 1 hr. The reaction was stopped by adding ethanol (1:5) and centrifugation for 5 min
at 13,000×g. Ten μl of the supernatant was transferred into 20 μl of 25 mM sodium borate
buffer (pH 9.0) containing 1.25 mM sodium cyanide and 1.25 mM NDA. The reaction mixture
was incubated at 50°C for 10 min, diluted with ethanol (1:3), and centrifuged for 5 min at
13,000×g. Fifty μl of the supernatant was then transferred to a sampling glass vial and 5 μl was
applied onto an HPLC system for analysis (He et al., 2005). To calculate the final ceramide
content of the samples, the background of the endogenous sphingosine (determined as above
using a reaction mixture lacking rhAC) was subtracted from the signal obtained in the presence
of rhAC.

2.8 Sphingomyelin quantification
Sphingomyelin was quantified as described previously (He et al., 2005). Briefly, 3 μl of the
lipid extracts was mixed with 3 μl of an enzyme assay solution (0.2 M sodium acetate buffer,
pH 5.0, 0.3 M NaCl, 0.2 mM ZnCl2, 0.05% BSA, 100 ng/μl rhAC, 10 ng/μl recombinant human
acid sphingomyelinase [rhASM]) and incubated at 37°C for 1 hr. The reaction was stopped by
adding ethanol (1:5), and then centrifuged for 5 min at 13,000×g. Ten μl of the supernatant
was then used to quantify the ceramide produced by enzymatic hydrolysis of sphingomyelin
(see above). To calculate the final sphingomyelin content of the samples, the background of
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the endogenous ceramide (using the reaction mixture lacking rhASM) was subtracted from the
signal obtained in the presence of rhAC and rhASM.

2.9 ASM and neutral sphingomyelinase (NSM) assays
Three μl of the human brain homogenates were mixed with 3 μl of ASM (200 μM Bodipy-
C12-sphingomyelin, 0.2 M of sodium acetate buffer, pH 5.0, 0.2 mM ZnCl2, and 0.2% Igepal
CA-630) or NSM (200 μM Bodipy-C12-sphingomyelin, 50 mM of HEPS, pH 7.2, 5 mM
MgCl2, and 0.2% Igepal CA-630) assay buffer and incubated at 37°C for 1 h. The hydrolysis
reactions were stopped by adding 24 μl of ethanol, and centrifuged (13,000×g) for 5 min. Thirty
μl of the supernatant was then transferred to a sampling glass vial and 5 μl was applied onto
an HPLC system (Waters, Milford, MA, USA) for analysis (He et al., 2003). Quantification
was achieved by comparison to Bodipy-C12 sphingomyelin and ceramide standards.

2.10 AC and neutral ceramidase (NC) assays
Three μl of the human brain homogenates were mixed with 3 μl of AC (200 μM Bodipy-C12-
ceramide, 0.2 M of citrate/phosphate, pH 4.5, 10% FBS, 0.3 M NaCl, and 0.2% Igepal CA-630)
or NC (200 μM Bodipy-C12-ceramide, 0.1 M of Tris-HCl, pH 7.2, and 0.2% Igepal CA-630)
assay buffer and incubated at 37°C. The hydrolysis reactions were stopped by adding 24 μl of
ethanol and centrifuged (13,000×g) for 5 min. Thirty μl of the supernatant was then transferred
to a sampling glass vial and 5 μl was applied onto an HPLC system (Waters, Milford, MA,
USA) for analysis (He et al., 1999).

2.11 SDS-PAGE and Western blot analyses
Samples were boiled in loading buffer (12 mM Tris-HCl, 0.5% SDS, 5 mM β-mercaptoethanol,
5% glycerol, 0.02% bromophenol blue, pH 6.8) for 10 min, applied onto 4~20% gradient
polyacrylamide gels, and electrophoresed in an XCELL II mini-cell apparatus (Novex, San
Diego, CA) for 1 h. The voltage was maintained at 150 voltage and the running buffer contained
0.1% SDS. Following electrophoresis, proteins in the gel were electrotransferred to a
nitrocellulose membrane (45 volts for 1h) using a semi-dry transfer cell (Bio-Rad, Hercules,
CA). The nitrocellulose membrane was blocked with 5% nonfat dry milk in PBST buffer (PBS
with 0.1% Tween 20) at room temperature for 2 hrs, and then incubated with either rabbit anti-
human ASM (1:5000), rabbit anti-human AC (1:2000) IgG, or mouse anti-human
hyperphosphorylated tau in the form of paired helical filaments (PHF-1) (1:500) in PBST buffer
containing 3% nonfat dry milk and 0.1% bovine serum albumin at 4°C overnight. After washing
four times with PBS, the blot was incubated with horseradish peroxidase conjugated goat anti-
rabbit IgG (1:5000) for ASM and AC, or sheep anti-mouse IgG (1:5000) for PHF-1, for 1 hr
in PBST buffer at room temperature.

The membrane was subsequently washed twice with 0.3% Tween-20 in PBS and then twice
more with 0.1% Tween-20 in PBS. Finally, the blot was soaked in an enhanced
chemiluminescence reagent (DuPont NEN) for 1 min and exposed to X-ray film. Bands
corresponding to the proteins of interest were quantified using the ImageJ1.38x software
(National Institutes of Health, USA).

2.12 Aβ quantification
Brain supernatant fractions were used for Aβ quantification using a human Aβ42 ELISA kit
from Invitrogen according to the manufacturer's instructions (Carlsbad, CA, USA). Briefly,
samples were diluted with standard dilution buffer (supplied with the kit) to keep the
concentration within the detectable range (1-100 pg/ml). After the addition of stop solution,
the 96-well plate was read at 450 nm, and the sample concentration was calculated from a
standard curve prepared using purified Aβ □□ various concentrations.
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3. Results
3.1 ASM and AC levels in normal and AD brain

ASM and AC activities were determined in AD (N=9) and age-matched normal (N=6) brain
samples. As shown in Fig. 1, no significant differences in the soluble enzyme activities were
found between the two groups. In contrast, the membrane-associated activities were
significantly increased in the AD brain. Neutral sphingomyelinase and ceramidase activities
were also determined in the two fractions. No significant differences were found for neutral
sphingomyelinase, while neutral ceramidase activities were modestly increased (on average
about 20%; data not shown).

We next examined expression of the ASM and AC proteins by western blot analyses. As shown
in Fig. 2A, consistent with the pattern of ASM activity, expression of the ASM protein was
elevated in the AD membrane fractions. A significant increase in AC protein expression also
was detected (Fig. 2B), consistent with the increased AC activity. Overall, these data revealed
a pattern of elevated ASM and AC in the brains of AD patients, and a possible shift in the
distribution of the enzymes from the cytosol to the membrane.

3.2 Sphingomyelin, ceramide, sphingosine, and S1P levels in normal and AD brain
To investigate whether elevated ASM and AC expression in the AD brain caused an imbalance
in the sphingolipid content, we determined the levels of sphingomyelin, ceramide, sphingosine
and S1P. As previously described, the majority of sphingomyelin was found in the membrane
fractions of both normal and AD brain (Fig. 3A). In contrast, the majority of ceramide,
sphingosine, and S1P were in the soluble (cytosolic) fractions (Figs. 3B-D). Notably,
significant sphingomyelin reductions and ceramide elevations were detected in the AD samples
as compared to the age-matched controls (Figs. 3A & 3B). Sphingosine levels were similarly
elevated in AD brain (Fig. 3C), although the S1P content was markedly reduced (Fig. 3D).
Together, the elevation of ceramide and sphingosine, and reduction of S1P, may be
synergistically contributing to the pathologic state of the AD brain.

3.3 Aβ and PHF-1 levels in normal and AD brain
Next, the levels of Aβ and hyperphosphorylated tau protein (in the form of PHF-1) were
determined in the normal and AD brain samples. As shown in Fig. 4, the Aβ concentration in
the supernatant fraction of AD brains was 4 times higher than that from normal brain (P<0.01).
Similarly, the PHF-1 levels in the AD brain samples were significantly elevated compared with
normal individuals. This data confirmed the fact that the samples analyzed from the AD patients
were pathologic sites, and had Aβ enrichment in plagues and PHF-1 elevation in fibrillar
tangles.

3.4 Correlations between Aβ, PHF-1, ASM, and S1P levels in normal and AD brain
To correlate the above findings on Aβ and PHF-1 with the sphingolipid and/or sphingolipid
hydrolase results, Pearson correlation analyses were carried out. As can be seen in Table 1,
ASM activity had a significant, positive correlation with the Aβ □□ PHF-1 levels in the normal
and AD brain samples (P<0.005). In addition, there was a strong negative correlation between
the S1P content and Aβ or PHF-1 levels (P<0.05). Surprisingly, no correlations were observed
between these two AD biomarkers and the ceramide or sphingosine levels (data not shown).
Possible reasons for this are discussed below.

3.5 Effect of Aβ on the sphingomyelinase and ceramidase activities in neuronal cell cultures
To further examine our findings in the AD brain, neuronal cultures were treated with Aβ
oligomers for varying lengths of time, and the sphingomyelinase and ceramidase activities
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were determined. As shown in Figs. 5A & B, following Aβ treatment ASM and NSM activities
were rapidly elevated in the neuronal cells (within 30 min). Similarly, AC and NC activities
were increased after 30 min of Aβ treatment (Fig. 5C & D). Overall, these in vitro findings
were consistent with the changes observed in the AD brain, and support the notion that Aβ is
an important pathogenic factor stimulating sphingolipid hydrolases and affecting the
sphingomyelin/ceramide signaling pathway.

3.6 Effect of Aβ on ceramide levels and apoptosis in neuronal cell cultures
As described above, ASM activity was elevated in the AD brain and after Aβ treatment of
neuronal cultures. Consistent with these findings, ceramide levels were also significantly
elevated after treating neuronal cultures with Aβ (Fig. 6A). More apoptotic cells were also
found as determined by TUNEL staining (Fig. 6B) and caspase 3 activity (Fig. 6C).
Importantly, however, ceramide levels and caspase 3 activity did not increase in response to
Aβ when purified, rhAC was included in the culture media (Fig. 6C), suggesting that the
ceramide increase in the AD brain is directly responsible for the apoptotic effects of Aβ.

4. Discussion
Aging results in the accumulation of various stress factors, including pro-inflammatory and
oxidative stress molecules that can stimulate sphingomyelinase activities, leading to the
production of the pro-apoptotic lipid, ceramide (Cutler et al., 2004; Joseph et al., 2000).
Alzheimer's disease is the most common form of age-related dementia, characterized by the
accumulation of Aβ peptides in the brain. Aβ accumulation has been shown to cause neuronal
death in cell culture, although the precise mechanisms by which this occurs remain largely
unknown. The relationship between Aβ-induced neuronal apoptosis and sphingolipids has been
studied in cell culture, although few studies have systemically addressed changes in the
sphingomyelin/ceramide pathway in vivo using brain samples from AD patients. We therefore
examined the sphingomyelinase and ceramidase activities in several AD and age-matched
normal brain samples, as well as the levels of several biologically relevant sphingolipids.

Surprisingly, ASM activity was elevated in membrane fractions prepared from the AD brains.
Although ASM is a lysosomal enzyme with important housekeeping functions, under stress
conditions it may translocate from intracellular compartments to the extracellular leaflet of the
cell membrane, where it hydrolyzes sphingomyelin into ceramide to form signaling platforms
(Cifone et al., 1994). The ceramide-enriched platforms cluster receptor molecules, transmit
apoptotic stimuli into the cell, and eventually cause cell death (Bollinger et al., 2005; Gulbins,
2003). ASM is most active in an acidic environment (pH 4.5), but it can also function at neutral
pH (7.0) (Schissel et al., 1998), consistent with its movement to the plasma membrane.

In addition to ASM, acid and netural ceramidase (AC and NC) activities were also elevated in
the AD brains. This is likely a response to the increased ceramide content, i.e., a “protective”
response on the part of cells to remove ceramide and prevent cell death. Elevated ceramidase
activities, in turn, led to an increase in sphingosine, but surprisingly, there was a marked
reduction in the levels of S1P. This may be due to reduced sphingosine kinase activity, or
enhanced S1P phosphatase and/or lyase activities (see below). Together, the elevated ceramide
and sphingosine, as well as low S1P, likely creates a “pro-apoptotic” environment in the AD
brain that leads to neuronal death.

Our findings are consistent with previous observations of increased ceramide, TUNEL staining
and caspase activation in postmortem AD brain (Gervais et al., 1999; Smale et al., 1995), and
decreased sphingomyelin (Gottfries et al., 1996; Soderberg et al., 1992). In addition, we have
demonstrated a new possible mechanism by which accumulation of Aβ, which is believed to
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be one of the key pathologic mechanisms leading to AD, contributes to neuronal death via
activation of the sphingomyelin/ceramide pathway.

Extracellular neuritic plaques and intracellular neurofibrillary tangles are hallmarks of AD. As
expected, the levels of Aβ and hyperphosphorylated tau protein (PHF-1) were significantly
elevated in the AD brain samples compared with the age-matched normal samples. This
(together with histological analysis) further confirmed that the AD brain regions we studied
had pathological lesions. Importantly, we also found that the levels of ASM activity were
positively correlated with the Aβ and PHF-1 levels in the normal and AD brains (P<0.05).
Similarly, there was a significant (negative) correlation of S1P levels with Aβ and PHF-1 in
the normal and AD brains (Table 1).

As noted above, several groups have reported that ceramide is elevated in AD brain and CSF.
We have confirmed these findings, and suggest that elevated ASM activity is one novel
mechanism by which this occurs. Interestingly, we did not observe significant correlations
between the levels of Aβ or PHF-1 with ceramide or ceramidase activities in our AD and normal
brain samples. It is important to recognize, however, that once formed ceramide can rapidly
enter several metabolic pathways, and used for either the biosynthesis of complex lipids or
broken down into sphingosine, which itself is rapidly converted to S1P. The fact that we did
not see correlations between Aβ, PHF-1, and ceramide (or sphingosine) likely reflects the
complex mechanisms that exist to metabolize these lipids and shuttle them into different
pathways.

In addition to these in vivo findings, we also studied Aβ-induced sphingolipid metabolism in
neuronal cell cultures. Two forms of Aβ are generally used for in vitro studies, fibrillar and
oligomer. Several studies suggest that fibrillar Aβ induces primary neuron apoptosis via the
activation of NSM (Ayasolla et al., 2004; Chen et al., 2006; Jana and Pahan, 2004; Lee et al.,
2004; Satoi et al., 2005; Zeng et al., 2005). However, our data using postmortem AD brain
revealed that ASM, not NSM, activity was elevated. Although ASM and NSM share the same
substrate, they are encoded by different genes, and have different pH optima, subcellular
location, and cation dependency. To further confirm our in vivo findings, neuronal cultures
were treated with Aβ that was primarily oligomeric. In this case, both ASM and NSM activities
were significantly increased in the cells after 30 min. Very recently, Pillot and colleagues have
also demonstrated that ASM was activated when rat cortical neurons were incubated with
Aβ oligomers (Malaplate-Armand et al., 2006). The conflicting data with ASM and NSM
implys that different molecular mechanisms and cellular targets may be involved in the
neuronal apoptosis and cell death induced by soluble oligomers versus fibrillar Aβ (Sponne et
al., 2004; White et al., 2005). These differences also may be due to the different cell types and
culture conditions used.

Ceramide may induce apoptosis by reorganization of the plasma membrane, but others have
shown that ceramide may also promote the production of Aβ by stabilizing the APP-cleaving
enzyme 1 (BACE1) (Buchet and Pikula, 2000; Patil et al., 2007; Puglielli et al., 2003;
Sawamura et al., 2004). Thus, under normal circumstances the levels of Aβ and ceramide may
be balanced to maintain neuronal cell homeostasis, but upon aging, various stress factors
become elevated that may activate sphingomyelinases and produce ceramide. Ceramide, in
turn, may further enhance Aβ production by promoting APP processing, leading to a positive
feedback regulatory pathway that promotes cell death.

Although increasing evidence supports a role for ceramide in the pathogenesis of the AD brain,
the role of ceramidases, enzymes responsible for degrading ceramide, remain unclear. There
are at least three distinct ceramidases (acid, neutral, and alkaline) encoded by individual genes
and distinguished by their pH optimum and subcellular location (He et al., 2003; Okino et al.,
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1999; Tani et al., 2000). Ceramide is hydrolyzed into sphingosine and fatty acid by the action
of these enzymes. Presumably, one or more ceramidase activities could be up-regulated in
response to the accumulation of ceramide in the AD brain. Supporting this notion, we have
previously reported that the level and activity of AC was elevated in postmortem AD brain
(Huang et al., 2004), a finding that was confirmed by the data presented in the present
manuscript. In addition, we found that NC activity was also increased in the AD brain. In
vitro studies further confirmed that Aβ treatment of neuronal cultures enhanced both AC and
NC activities.

An important product of ceramide hydrolysis by ceramidases is sphingosine. Accumulating
evidence also supports a role for sphingosine in apoptosis, cooperatively or independently from
ceramide signaling (Hung et al., 1999; Lepine et al., 2004; Sweeney et al., 1998). Sphingosine,
in turn, can be phosphorylated by sphingosine kinase to form S1P. In most cases, S1P is rapidly
metabolized either by a lyase to hexadecenal and phosphoethanolamine, or by S1P phosphatase
to sphingosine (Spiegel and Kolesnick, 2002). In contrast to ceramide and sphingosine, S1P
can enhance cell proliferation and antagonize apoptosis (Hla, 2003; Spiegel and Kolesnick,
2002). Notably, it has been suggested that S1P may be a potent neuroprotective factor against
Aβ-induced neuronal apoptosis, and that it that acts by inhibiting ASM activation (Gomez-
Munoz et al., 2003; Malaplate-Armand et al., 2006).

Thus, during the past decade a model has been proposed in which the balance between the
levels of ceramide and S1P, the ‘ceramide/S1P rheostat’, contributes to the fate of cells
(Cuvillier et al., 1996). Based on this model, the regulation of sphingomyelinases and
ceramidases, as well as sphingosine kinase, S1P phosphatase and lysase may play pivotal roles
in the apoptotic signaling of cells by regulating the ratio between sphingomyelin, ceramide,
sphingosine, and S1P. To our knowledge, our study is the first to describe the sphingosine and
S1P levels in the brains of AD patients. The sphingosine content was significantly elevated in
the AD brain, consistent with the accumulation of ceramide and elevation of AC and NC
activities. Surprisingly, however, the S1P levels in the AD brain were significantly reduced
compared with the age-matched normal controls. Although the mechanism underlying this
observation remains unknown, three enzyme that metabolize S1P (sphingosine kinase, S1P
phosphatase, and lyase) might be involved. Of direct relevance to this observation, a recent
report showed that expression of the S1P phosphatase gene was markedly up-regulated in AD
brain using microarray technology (Katsel et al., 2007). Decreased S1P may further contribute
to the elevation of ASM, leading to more ceramide in AD brain (Gomez-Munoz et al., 2003).
This severe disruption of the balance between ceramide, sphingosine and S1P may eventually
result in neuronal apoptosis and cell death in the AD brain. In vitro, neurons quickly underwent
apoptosis when they were treated with Aβ, and adding pure rhAC to the culture media prevented
this from occurring. This provides the first direct experimental evidence that Aβ-induced
ceramide production is a major pathogenic event leading to neuronal cell death, and suggests
that manipulation of the sphingolipid signaling pathway, either by removing ceramide or
perhaps enhancing S1P production, may be a potential therapeutic approach.

In conclusion, this study extends previous observations on sphingolipid metabolism in the AD
brain, and reports for the first time elevation of ASM, elevation of sphingosine, and reduction
in S1P. Cell culture studies were also used to demonstrate that removal of ceramide by AC
protects neurons from Aβ-induced apoptosis, suggesting new therapeutic approaches for the
amelioration of this complex disorder. Taken together, our results support the notion that the
‘ceramide/S1P rheostat’ is severely impaired in the AD brain, contributing to neuronal cell
death. A summary of these changes is shown in Fig. 7. In the future, it will be interesting to
breed ASM knock-out mice to AD mice that accumulate Aβ, and evaluate the effects on AD
brain pathology. In addition, S1P treatment may be evaluated in AD mouse models, as well as
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other therapeutic modalities that are targeted towards the sphingomyelin/ceramide signaling
pathway.
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Fig. 1. ASM and AC activities in normal and AD brain
Soluble (cytosolic) and membrane fractions from normal (N=6) and AD (N=9) brains were
prepared as described in the “Materials and Methods”. ASM and AC activities were measured
after 1 hr and overnight incubations at 37°C, respectively. *p<0.05, compared to normal brains.
Values are expressed as the mean ± S.D.
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Fig. 2. ASM and AC protein levels in normal and AD brain
Soluble (cytosolic) and membrane fractions from normal (N=6) and AD (N=9) brains were
prepared as described in the “Materials and Methods”. Rabbit polyclonal antibodies against
human ASM and AC were used for western blotting as described. The ASM and AC-specific
protein bands were scanned and the signals were normalized to β-actin signals from the same
blot (see “Materials and Methods”). *p<0.05, compared to normal brains. Values are expressed
as the percentage of control.
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Fig. 3. Sphingomyelin, ceramide, sphingosine, and S1P contents of normal and AD brain
Soluble (cytosolic) and membrane fractions from normal (N=6) and AD (N=9) brains were
prepared as described in the “Materials and Methods”. For each fraction two lipid extracts were
prepared, one containing S1P and the other containing sphingomyelin, ceramide and
sphingosine. Sphingomyelin, ceramide, sphingosine, and S1P were determined using HPLC
based methods as described in the “Materials and Methods”. *p<0.05, **p<0.01, compared to
normal brains. Values are expressed as the mean ± S.D.
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Fig. 4. Aβ and PHF-1 levels in normal and AD brain
Soluble (cytosolic) fractions from normal (N=6) and AD (N=9) brains were prepared as
described in the “Materials and Methods”. Aβ levels in these fractions were determined using
a human Aβ42 ELISA kit (see “Materials and Methods”). Mouse monoclonal antibody against
human hyperphosphorylated tan protein, PHF-1, was used for western blotting as described.
The PHF-1 protein bands were scanned and the signals were normalized to β-actin signals from
the same blot. *p<0.05, **p<0.01, compared to normal brains. Values are expressed as the
mean ± S.D.
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Fig. 5. Sphingomyelinase and ceramidase activities in neuronal cultures after Aβ treatment
After 5-7 days of growth in differentiation media, neuronal cultures were treated with 1 μM
of Aβ o1□□□□ers for the indicated times. Cell lysates were then prepared and
sphingomyelinase and ceramidase activities were measured after incubation at 37°C for 1 hr
and overnight, respectively. *p<0.05, **p<0.01, compared to normal brains. Values are
expressed as the mean ± S.D (N=3). A, ASM and NSM activities. B, AC and NC activities.
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Fig. 6. The effect of Aβ on ceramide levels and apoptosis in neuronal cultures
After 3-5 days of growth in differentiation media, neuronal cultures were treated with 1 μM
of Aβ for 30 min with or without 1 hr of rhAC pre-treatment (1 μg/ml). Ceramide levels (A)
were verified using the DAG kinase method (He et al., 2001). Caspase 3 activity (B) was
measured using EnzCheck Caspase-3 assay kit. *p<0.05, **p<0.01, compared to normal
brains. Values are expressed as the mean ± S.D (N=3). C, Neuronal cultures were treated with
1 μM of Aβ for 17 hr, and then processed with the DeadEnd Fluorometric TUNEL system and
analyzed by microscopy. Pictures were captured in the green channel (20x magnification).
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Fig. 7. Schematic pathway proposed for the Aβ-induced sphingolipid changes in the AD brain
Sphk, sphingosine kinase, S1PP, sphingosine-1-phosphate phosphatase, Lyase, sphingosine-1-
phosphate lyase.
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Table 1

Correlations between Aβ, PHF-1, ASM, and S1P levels in normal and AD individuals

PHF-1 ASM S1P

Aβ 0.733(0.0019)* 0.746(0.00141) −0.635(0.011)

PHF-1 - 0.892(0.0000078) −0.521(0.0467)

Aβ and PHF-1 determinations were carried out as described in the “Materials and Methods”.

*
Correlation coefficients were calculated using the SigmaStat 3.11 Software (Systat Software Inc, San Joe, CA, USA), and P values are indicated in

parentheses (sample number=15, 6 normal and 9 AD).
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