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Amyloid-� (A�), major constituent of senile plaques in Alzheimer’s disease (AD), is generated by proteolytic processing of the amyloid
precursor protein (APP) by �- and �-secretase. Several lipids, especially cholesterol, are associated with AD. Phytosterols are naturally
occurring cholesterol plant equivalents, recently been shown to cross the blood– brain-barrier accumulating in brain. Here, we investi-
gated the effect of the most nutritional prevalent phytosterols and cholesterol on APP processing. In general, phytosterols are less
amyloidogenic than cholesterol. However, only one phytosterol, stigmasterol, reduced A� generation by (1) directly decreasing
�-secretase activity, (2) reducing expression of all �-secretase components, (3) reducing cholesterol and presenilin distribution in lipid
rafts implicated in amyloidogenic APP cleavage, and by (4) decreasing BACE1 internalization to endosomal compartments, involved in
APP �-secretase cleavage. Mice fed with stigmasterol-enriched diets confirmed protective effects in vivo, suggesting that dietary intake of
phytosterol blends mainly containing stigmasterol might be beneficial in preventing AD.

Introduction
Alzheimer’s disease (AD) is the most prevalent progressive
neurodegenerative disorder in the elderly, pathologically
characterized by extracellular deposition of amyloid-� (A�) in
the brain (Glenner and Wong, 1984). A� peptides are released
by sequential proteolytic cleavage of the amyloid precursor
protein (APP), a large type I transmembrane protein (Sisodia
and St George-Hyslop, 2002). For the generation of A� pep-
tides APP is first cleaved within its ectodomain by �-secretase
BACE1, generating �-secreted APP (sAPP�) and a C-terminal
membrane-tethered fragment (�-CTF) consisting of the A�
domain and a short cytoplasmic tail (Sinha et al., 1999; Vassar
et al., 1999). �-CTF is subsequently cleaved within its trans-
membrane domain by �-secretase, releasing A� peptides.
�-secretase has been identified as a heterotetrameric protein

complex and consists of at least four proteins: Presenilin 1
(PS1) or presenilin 2 (PS2), which constitute the active site of
the protease, nicastrin (NCSTN), anterior pharynx-defective 1
(APH1A and APH1B), and presenilin enhancer 2 (PEN2) (De
Strooper, 2003; Kimberly et al., 2003).

As �-secretase has peculiar intramembrane proteolysis activ-
ity and all APP cleaving proteases and APP itself are integral
membrane proteins, alterations in the lipid composition of cel-
lular membranes are discussed to influence proteolytic process-
ing of APP (Grimm et al., 2005, 2011b, 2012; Osenkowski et al.,
2008; Lemkul and Bevan, 2011). However, previous studies
mainly focused on cholesterol, which has been associated with
AD pathogenesis (Corder et al., 1993; Kivipelto et al., 2001;
Wolozin, 2001; Puglielli et al., 2003). High cholesterol level have
been shown to increase A� generation whereas suppression of
cholesterol de novo synthesis strongly reduces A� release in vivo
and in vitro (Fassbender et al., 2001; Refolo et al., 2001; Shie et al.,
2002; Ghribi et al., 2006). Cholesterol is an essential component
of cellular membranes and is highly enriched in detergent-
resistant membrane microdomains, called lipid rafts (Simons
and Ikonen, 1997), which have been implicated in amyloidogenic
APP processing (Ehehalt et al., 2003; Vetrivel and Thinakaran,
2010). Phytosterols are the naturally occurring cholesterol-
equivalents in plants and are contained in dietary sources like
nuts, seeds, legumes, and unrefined plant oils (Weihrauch and
Gardner, 1978; Piironen et al., 2000). Plant sterols reduce intes-
tinal resorption of cholesterol and are able to cross the blood–
brain barrier and accumulate in the brain (Vanmierlo et al.,
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2012). They have a structure very similar to cholesterol with some
modifications in the acyl chain, containing an additional double
bond at C-atom C22–C23 (�22) or an alkyl-group (methyl- or
ethyl-group) at C24 (Fig. 1). Due to their structural similarity to
cholesterol, plant sterols may interfere with cholesterol-
dependent cellular processes in the brain. Furthermore, plant
sterols have also been shown to be organized in lipid rafts within
plant cell membranes (Mongrand et al., 2004, 2010) and might
therefore alter amyloidogenic processing of APP. In the present
study we investigated the influence of the most prevalent plant
sterols—stigmasterol, brassicasterol, �-sitosterol, and campes-
terol (Gunstone et al., 1994; Dufourc, 2008)—and cholesterol on
the amyloidogenic proteolytic cleavage of APP.

Materials and Methods
Chemical reagents and sterols
Unless otherwise indicated, all chemical reagents and sterols were
obtained from Sigma Aldrich and were from the highest commercially
available purity.

Animals
Eighteen male, nine-week-old C57BL/6J mice were obtained from
Charles River. The animals were kept in groups of six animals per cage.
The environmental parameters were adjusted to a temperature at
20�22°C, humidity at 50 – 60%, and lights on for 12 h every day. Water
and food were available ad libitum throughout this study.

All experiments were performed in accordance with Dutch laws gov-
erning the use of laboratory animals.

Figure 1. Chemical structure of stigmasterol, brassicasterol, �-sitosterol, campesterol, and cholesterol.
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The diets were AIN-93M-based (Reeves et al., 1993) and obtained
from Research Diet Services. Total fat-content was adjusted to 5% in all
diets. Animals were fed 4 – 6 weeks with one of three isocaloric diets. Next
to the control diet, stigmasterol-enriched diets containing 0.19, 0.25, or
0.39% of stigmasterol (CarboMer) were administered.

After administration of the diet, animals were killed by CO2 gas inha-
lation and decapitation by guillotine. Brains were quickly removed from
the scull, snapfrozen in liquid nitrogen, and stored at �80°C until
analysis.

Brains were homogenized either in 2 ml of aqua destillata or 4� vol-
ume of lysis buffer (50 mM Tris/HCl pH7.4, 1% NP-40, 0.25% sodium-
desoxycholat, 150 mM NaCl, 1 mM EDTA, 1� protease inhibitor cocktail
containing AEBSF, Calbiochem) using a Teflon homogenizer.

Cell culture and sterol treatment
Human neuroblastoma SH-SY5Y wt cells and SH-SY5Y cells, stably
transfected with human APP695 or SPC99 (Grimm et al., 2003), were
cultivated as described previously (Grimm et al., 2011b). Cells were cul-
tured until they attained confluence. Sixteen hours before sterol treat-
ment, serum in the culture medium was reduced (0.1% FBS). Plant
sterols and cholesterol were used at a final concentration of 10 �M and
were incubated for 8 h � 16 h in serum-reduced culture medium con-
taining 0.1% (w/v) fatty acid free BSA. In controls, solvent ethanol was
adjusted to 1‰, according to solvent content in sterol-treated cells.

Antibodies
For Western blot (WB) analysis, the following antibodies were used:
anti-presenilin1 sc7860, 1:500 (Santa Cruz Biotechnology), human anti-
BACE1 B0806, 1: 1000 (Sigma Aldrich), mouse anti-BACE PC529,
1:1000 (Calbiochem), anti-flotillin 610821, 1:250 (BD Biosciences), anti-
cadherin ab6528, 1:1000 (Abcam), anti-actin ab1801, 1:2000 (Abcam),
anti-EEA1 ab2900, 1:1000 (Abcam), anti-APP/anti-�CTF/anti-A� W02,
1 �g/ml (Ida et al., 1996) As secondary antibodies, anti-rabbit-HRP
W401B, 1:5000 (Promega) and anti-mouse-HRP 1:5000 (DAKO) were
used. Proteins were detected using ECL-method. Data are presented as
percentage of density compared with solvent control. Densiometric
quantification was performed with Image Gauge software. As control for
the determination of BACE1 and PS1 protein level in presence of plant
sterols or cholesterol, we analyzed protein level of actin, which was un-
changed in presence of sterols (Fig. 2E).

Constructs and transient transfection of secreted
alkaline phosphatase
For transient transfection of SH-SY5Y wt cells, expression vector
pVectOZ-secreted alkaline phosphatase (SEAP; OZ Biosciences) was
used at 1 �g/transfection. Lipofectamine 2000 (Invitrogen) was used as
transfection reagent at 1.5 �l/transfection. Briefly, cells were washed
once with OptiMEM � GlutaMAX serum-reduced medium (Invitro-
gen), and DNA/Lipofectamine complexes were incubated for 5 h in
OptiMEM � GlutaMAX. After transfection, medium was removed and
cells were cultured in growth medium (DMEM, 10% FBS, 1� MEM) for
48 h. Subsequently, cells were treated with plant sterols like described
before.

SEAP-assay
Culture media were collected after plant sterol treatment of SEAP-
transfected SH-SY5Y cells. Samples were centrifuged at 3000 rpm at 4°C
and boiled at 65°C for 10 min, and 100 �l sample was analyzed in a
96-well plate after adding 100 �l of 1-Step PNPP solution (Thermo Sci-
entific) by monitoring OD405 nm. SEAP expression was shown to be
detectable at least for 96 h after transfection in SH-SY5Y cells. To exclude
variations in SEAP secretion due to heterogeneous transfection, SEAP
secretion was also monitored before plant sterol treatment of the cells.

Determination of protein concentration
Protein determination was performed according to Smith et al. (1985).

Detection of secreted A�
Generation of conditioned media and detection of secreted A� of sterol-
treated cells was performed as described previously (Grimm et al., 2003).

Determination of A�40 and A�42 by ELISA
Levels of soluble A� in brains of stigmasterol-fed mice were determined
using a commercially available ELISA Kit (Mouse A� ELISA Kit, Invit-
rogen) according to manufacturer’s protocol. Mouse brains were
weighted and homogenized in 4� volume of lysis buffer (50 mM Tris/
HCl pH7.4, 1% NP-40, 0.25% sodium-desoxycholat, 150 mM NaCl, 1
mM EDTA, 1� protease inhibitor cocktail containing AEBSF, Calbio-
chem). Homogenates were incubated on ice for 15 min and centrifuged
for 10 min at 3000 rpm at 4°C. Supernatant was removed and pellet was
solubilized in lysis buffer containing protease inhibitors using a 24
gauge � 1” needle. Samples were incubated on ice for 90 min, followed
by a centrifugation at 13,000 rpm at 4°C for 20 min. Supernatants, con-
taining soluble A� peptides, were transferred to a new tube and protein
concentration was determined as described. Samples were diluted 1:2 in
standard dilution buffer (kit content) and 225 �g/100 �l was used for
each assay. A� in mouse brains was calculated at means of a serial dilu-
tion of mouse synthetic peptide and were presented as pg/mg wet weight
tissue.

Level of A�40 and A�42 in cell culture supernatant of stigmasterol-
incubated SH-SY5Y cells stably expressing human APP695 were deter-
mined using commercially available ELISA Kits (Human A� ELISA Kits
KHB3481/KHB3544, Invitrogen) according to manufacturer’s protocol.
Samples were diluted in standard dilution buffer and the linear range of
the ELISA was verified by a serial dilution of synthetic peptides.

Preparation of cell lysates
After washing cells three times with ice-cold PBS, cells were scraped off in
PBS, containing complete protease inhibitor cocktail (Roche). Cells were
centrifuged at 13,000 rpm for 10 min at 4°C. Supernatant was removed
and cells were lysed with 75 �l of lysis buffer (50 mM Tris/HCl pH7.4, 1%
NP-40, 0.25% sodium-desoxycholat, 150 mM NaCl, 1 mM EDTA, com-
plete protease inhibitor cocktail) and solubilized using a 23� gauge nee-
dle. Samples were centrifuged again at 13,000 rpm for 10 min at 4°C and
supernatants were used for further analysis. Protein concentrations were
determined as described. Samples were adjusted to equal protein
amounts (60 �g) and were used for the analysis of BACE1 and PS1
protein levels.

In vitro and ex vivo determination of secretase activities
Activities of �- and �-secretase were measured either in vitro in post-
nuclear fractions (PNFs) of SH-SY5Y wt cells or ex vivo in brain PNFs of
C57BL/6 mice in presence of plant sterols, cholesterol, or solvent
control in at least four independent experiments (implying indepen-
dent sterol-treatments/PNF, each analyzed in triplicate, n � 4). Ad-
ditionally, �- and �-secretase activities were determined in brain
homogenates of six stigmasterol-fed mice, compared with six mice,
fed with control diet (n � 6).

Preparation of postnuclear fractions
Confluent SH-SY5Y wt cells were cultured for 48 h in incubation
medium (DMEM, 0.1% FBS, 1% MEM). Medium was changed after
24 h. Briefly, cells were harvested and cells or mouse brains were
homogenized in EDTA-sucrose buffer (10 mM Tris-HCl pH7.4, 1 mM

EDTA, 200 mM sucrose). Samples were adjusted to a protein concen-
tration of 2 mg/ml and centrifuged at 900 rpm for 10 min at 4°C.
Postnuclear supernatants were transferred in a new tube and stored at
�80°C until analysis.

Treatment of postnuclear fractions with plant sterols/cholesterol
Postnuclear fractions (PNFs) of SH-SY5Y cells or C57BL/6 mouse brains
were transferred in a glass tube and plant sterols or cholesterol were
added to a final concentration of 50 nMol/mg protein. All samples con-
tained equal solvent concentrations (1% ethanol). Samples were incu-
bated for 15 min at 37°C in a Heidolph Multi Reax Shaker (Heidolph
Instruments GmbH and Co. KG) at maximum speed.

Preparations of total membranes
After incubation of PNFs, total membranes were prepared by centrifu-
gation at 55,000 rpm for 75 min at 4°C in an Optima MAX Ultracentri-
fuge using a TLA-55 rotor (Beckmann Coulter). The resulting pellet was
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resuspended in the corresponding EDTA-sucrose buffer. In all cases, the
pellet was resolubilized by passing the sample through needles with de-
creasing diameters (0.6 mm, 0.4 mm, 0.33 mm) (BD).

Measurement of secretase activities
Activities of either �- or �-secretase were determined in a black 96-well
plate (BD) by continuous measurement of the cleavage of a specific sub-
strate in a Safire 2 Fluorometer (Tecan), resulting in an increasing fluo-
rescent signal. For the assay of �-secretase, 100 �l of sample was used,
corresponding to 250 �g of total protein for SH-SY5Y wt cells and 500 �g
for mouse brain homogenates. �-secretase substrate (Calbiochem) was
added to a final concentration of 10 �M. Measurement parameters were
adjusted to an excitation wavelength of 355 nm (bandwidth 10 nm) and
an emission wavelength of 440 nm (bandwidth 10 nm). Kinetic measure-
ment was performed for 50 cycles with intervals of 180 s. For the deter-
mination of �-secretase activity in lipid rafts and nonraft gradient
fractions, 100 �l of each fraction was used.

For determination of �-secretase activity, samples were diluted 1:1 in
PBS, pH4.5, and 100 �l of this dilution was used for the assay, corre-
sponding to 125 �g of total protein for SH-SY5Y wt cells and 250 �g for
mouse brain homogenates. The �-secretase substrate IV (Calbiochem)
was used at a final concentration of 20 �M. Measurement parameters
were adjusted to an excitation wavelength of 345 nm (bandwidth 5 nm)
and an emission wavelength of 500 nm (bandwidth 10 nm). Kinetic was
performed for 180 cycles with intervals of 60 s.

Quantitative real-time PCR
Total RNA extraction and real-time PCR (RT-PCR) was performed as
described previously (Grimm et al., 2011a). The following primer se-
quences were used:

Aph1a: 5�-CAG CCA TTA TCC TGC TCC AT-3� and 5�-GGA ATG
TCA GTC CCG ATG TC-3�; Aph1b: 5�-GTG TCA GCC CAG ACC TTC
AT-3� and 5�-CAG GCA GAG TTT CAG GCT TC-3�; Bace1: 5�-AAT
ACC TGC GGT GGA AGA TG-3� and 5�-GCC CTC CAT GAT AAC

Figure 2. Effect of plant sterols and cholesterol on A� secretion. A, Human neuroblastoma SH-SY5Y cells stably transfected with APP695 were incubated with stigmasterol, �-sitosterol,
campesterol, brassicasterol, or cholesterol (final concentration, 10 �M) and solvent control. Immunoprecipitation of secreted A� and WB analysis was performed with antibody W02. Representative
WBs are shown. Error bars represent SD of the mean. B, Determination of A�40 and A�42 peptides in stigmasterol-treated APP695 transfected SH-SY5Y cells using ELISA technique. C, Determi-
nation of SEAP activity in presence of sterols (10 �M) in SH-SY5Y cells transiently transfected with SEAP. D, Lactate dehydrogenase assay in cells incubated with cholesterol, stigmasterol,
�-sitosterol, campesterol, and brassicasterol in a final concentration of 10 �M compared with solvent control. No signs for increased cytotoxicity were observed in cells treated with sterols. Asterisks
show the statistical significance compared with control (*p � 0.05; **p � 0.01; ***p � 0.001). Quantified data represent an average of at least three independent experiments (n � 3). E,
Representative WB analysis of actin protein level in SH-SY5Y cells incubated with plant sterols and cholesterol (final concentration of 10 �M).
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AGC TC-3�; Ncstn: 5�-CTG TAC GGA ACC AGG TGG AG-3� and 5�-
GAG AGG CTG GGA CTG ATT TG-3�; Psen1: 5�-CTC AAT TCT GAA
TGC TGC CA-3� and 5�-GGC ATG GAT GAC CTT ATA GCA-3�; Psen2:
5�-GAT CAG CGT CAT CGT GGT TA-3� and 5�-GGA ACA GCA GCA
TCA GTG AA-3�; Psenen2: 5�-CAT CTT CTG GTT CTT CCG AGA G-3�
and 5�-AGA AGA GGA AGC CCA CAG C-3�; �-actin: 5�-CTT CCT
GGG CAT GGA GTC-3� and 5�-AGC ACT GTG TTG GCG TAC AG-3�.

Lipid raft preparation
Lipid rafts were prepared as described previously using Triton X-100 and
ultracentrifugation method (Grimm et al., 2011b).

Cholesterol distribution in lipid rafts
Confluent SH-SY5Y wt cells were washed two times with incubation
medium (DMEM, 0.1% FBS, 1% MEM) and preincubated for 4 h under
serum-reduced conditions. After this, cells were pulsed for 16 h with 0.4
�Ci/ml [ 14C]-cholesterol (45– 60 mCi/mmol, PerkinElmer) in incuba-
tion medium. Subsequent to cholesterol treatment, cells were incubated
with plant sterols like described before. Lipid rafts were prepared as
described previously (Grimm et al., 2011b) and distribution of incorpo-
rated [ 14C]-cholesterol in collected fractions was determined via liquid
scintillation counting in a Tri-Carb2800TR (PerkinElmer).

Preparation of endosomal fractions
Endosomal fractions were prepared with OptiPrep (Iodixanol; Axis-
Shield) density gradient centrifugation according to Woods et al. (2004)
with minor modifications. After incubation with stigmasterol, cells were
washed with ice-cold PBS and homogenized in sucrose buffer containing
140 mM NaCl, 1 mM EDTA, and 20 mM Tris/HCl, pH 8,0, using a PotterS
(Braun). For WB analysis of APP, Bace1 and �-CTF in endosomal frac-
tions sucrose buffer additionally contains complete protease inhibitor
cocktail. Cell debris and nuclei were removed by centrifugation at 800 �
g for 5 min. Gradient solutions with 10, 20, 30, and 40% iodixanol were
made by diluting 60% Iodixanol stock solution with dilution buffer con-
taining 250 mM sucrose, 140 mM NaCl, 3 mM EDTA, and 60 mM Tris/HCl,
pH 8,0. A discontinuous 10 – 40% density gradient was prepared with 2.5
ml layers of each solution in 13.2 ml ultracentrifugation tubes (Beckman
Coulter). Tubes were turned in a horizontal position for 1 h at room
temperature (RT), resulting in a continuous gradient. One milliliter of
postnuclear fraction containing 5 mg of protein was layered on top of
each gradient and gradients were centrifuged for 18 h at 48,000 � g at 4°C
in a swinging-bucket rotor (SW41, Beckman Coulter). Gradients were
unloaded from the top collecting 20 fractions à 550 �l. Endosomal frac-
tions were identified by WB with anti-EEA1 antibody (ab2900, Abcam).
Early endosomal antigen 1 (EEA1)-positive fractions were pooled for
further analyzing �-secretase activity, BACE1, and �-CTF protein levels.

Cell surface biotinylation
Cells were cultivated until confluence on 10 cm cell culture dishes. After
incubation with stigmasterol, cells were washed three times with ice-cold
PBS containing 1 mM MgCl2 and 0.1 mM CaCl2 (PBS/CM), scraped off,
and incubated in PBS/CM supplemented with 0.5 mg/ml EZ-Link Sulfo-
NHS-LC-Biotin (Pierce) for 30 min at 4°C with rotating. Cells were
washed once with PBS/CM and biotinylation was quenched with a 100
mM glycine/PBS wash, followed by three washes with PBS/CM. After
lysis, samples were centrifuged with 14,500 rpm for 15 min at 4°C and
biotinylated proteins were immunoprecipitated with 100 �l of 50%
streptavidin agarose (Pierce) overnight at 4°C. After washing three times
with lysis buffer, proteins were eluted by boiling for 5 min in 3� SDS
sample buffer (187.5 mM Tris/HCl pH6.8, 6% SDS, 30% glycerol, 15%
�-mercaptoethanol, 0.03% bromphenol blue) and analyzed by WB as
described above.

Determination of cholesterol and plant sterol uptake in SH-SY5Y
cells and membrane microdomains after treatment
Sample preparation. Cells were harvested and homogenized by ultra-
sound treatment (30 s, 50% intensity) and adjusted to 175 �g/20 �l aqua
destillata. For sterol-determination in membrane microdomains, frac-
tions 6 –9 (raft) and fractions 12–16 (nonraft) were pooled. Lipids were
extracted using a modified method according to Bligh and Dyer (1959).

Sterol extraction. As internal standard, cholesterol (D7, 5 �g/sample;
Avanti Polar Lipids) was added. One-hundred microliters of dry 1,4-
dioxane was added to each sample. The samples were mixed, sonicated
for 10 s, and dried in a vacuum concentrator. For sterol extraction, sam-
ples were resolubilized in 50 �l of 1,4-dioxane, sonicated, and centri-
fuged at 20,800 � g for 20 min at 15°C. Resulting supernatants were
transferred in new microcentrifuge tubes and dried in a vacuum
concentrator.

Derivatization. Sterols were derivatized by a method from the study by
Duff (1949). Briefly, 20 �l of a freshly prepared sulfur trioxide pyridine
complex solution (25 mg of sulfur trioxide pyridine complex in 5 ml of
pyridine) was added to the samples and sonicated for 10 s. The derivati-
zation reaction was performed for 30 min at RT, followed by addition of
2.1 �l of barium acetate solution (314.1 mM). The samples were soni-
cated for 10 s and incubated for 10 min at RT followed by 60 min at 4°C.
Finally, 120 �l of methanol was added and samples were centrifuged at
20,800 � g for 10 min at 15°C. Supernatants were transferred into a
96-deep well plate (Nunc), 600 �l of methanol was added to each sample,
and sterols were analyzed by mass spectrometry.

Mass spectrometry. Mass spectrometry analyses were performed with a
4000 quadrupole linear-ion trap (QTrap) with a Turbo Spray ion source
(AB SCIEX) connected to a 1200 Agilent HPLC (Agilent). Twenty mi-
croliters of each sample was injected and precursor ion scan (negative
mode) with m/z 97 set as precursor ion (loss of HSO4

�) was performed
using the following HPLC gradient: Step 0: 0.00 min; 30 �l/min; water/
methanol (3/97; v/v). Step 1: 1.60 min; 30 �l/min; water/methanol (3/97;
v/v), Step 2: 2.40 min; 200 �l/min; water/methanol (3/97; v/v). Step 3:
2.80 min; 200 �l/min; water/methanol (3/97; v/v). Step 4: 3.00 min; 30
�l/min; water/methanol (3/97; v/v). The method properties were set as
following: Curtain Gas (CUR): 10.0; Collision Gas (CAD): Medium;
Ionspray voltage (IS): �4500.00 and Ion source gas (GS1): 19.0. For each
spectrum (m/z 400 –500) 50 repetitive scans with duration of 3 s each
were averaged. For quantification of sterol-sulfates from treated cells,
the following m/z-values were used: cholesterol-sulfate 465.3 m/z;
stigmasterol-sulfate 491.3 m/z; brassicasterol-sulfate 477.3 m/z; campe-
sterol-sulfate 479.3 m/z; �-sitopsterol-sulfate 493.3 m/z; cholesterol(D7)-
sulfate (standard) 472.3 m/z.

Sterol extraction and determination in brain and serum samples
of stigmasterol-fed mice
Samples were frozen and stored at �80°C until analysis. Cholesterol and
stigmasterol were extracted from brain and serum using chloroform-
methanol and analyzed after derivatization.

Cholesterol content in brains and serum of stigmasterol-fed mice and
control mice was determined by gas chromatography-flame ionization
detection (GC-FID) as previously described (Kölsch et al., 2010). Stig-
masterol content of the same samples was analyzed by a method of com-
bined gas chromatography and mass spectrometry (GC-MS-SIM). Both
techniques were performed as previously described (Teunissen et al.,
2003; Kölsch et al., 2010). Cholesterol content was determined by means
of 5�-cholestan as internal standard and stigmasterol levels by means of
epicoprostanol.

Gas chromatography–flame ionization detection
Plasma and brain cholesterol was analyzed on a HP 6890 seriesII plus GC
(Agilent Technologies). As an internal standard, 5�-cholestane was used.
Briefly, samples were injected in a splitless mode at 280°C, using an
injector (HP 7683) and hydrogen as carrier gas (inlet pressure 9.9 psi,
total gas-flow 1.1 ml/min). For separation of sterols, a cross-linked
methyl-silicone DB-XLB 122–1232 fused silica capillary column (J&W;
30 m � 0.25 mm and 0.25 �m film thickness) was used. The initial
temperature of 150°C was kept for 3 min and then increased stepwise at
30°C to reach a final temperature of 290°C. For determination of abso-
lute cholesterol concentrations, ratios of cholesterol areas to areas of the
internal standard 5�-cholestane were defined and multiplied by the
amount of 5 �-cholestane (50 �g), added to a defined sample volume.

GC-MS-SIM
The technique was performed on a HP GC-MSD system (HP 5890, series
II GC) in combination with a 5971 mass selective detector (Agilent Tech-
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nologies). Briefly, samples were injected in the splitless mode with he-
lium as carrier gas (flow rate 1 ml/min). The sterols were separated on a
DB-XLB 122–1232 fused silica capillary column (J&W; 30 m � 0.25 mm
and 0.25 �m film thickness). A temperature of 150°C was initially kept at
150°C for 1 min, followed by a stepwise increase at 20°C/min to 260°C,
followed by 10°C/min to 280°C.

Stigmasterol and epicoprostanol (internal standard) were monitored
as their TMSi derivates in the selected ion monitoring mode, based on
following masses: stigmasterol m/z 484 [M �] and epicoprostanol (inter-
nal standard) m/z 370 [M �-OTMSi]. Stigmasterol was analyzed from
selected ion monitoring analysis against internal standard epicoprosta-
nol using standard curves. The identity of sterols was validated by the use
of additional qualifier ions, as well as comparison with full-scan mass
spectra of authentic compound (m/z 50 –500).

Statistical analysis
All quantified data represent an average of at least three independent
experiments. Statistical significance was determined by two-tailed Stu-
dent’s t test.

Results
Effect of plant sterols and cholesterol on A� secretion
To analyze whether the nutritional most relevant plant sterols
affect amyloidogenic processing of APP, we incubated human
neuroblastoma SH-SY5Y cells with stigmasterol (�22, ethyl
group at C24), �-sitosterol (ethyl group at C24), brassicasterol
(�22, methyl group at C24) and campesterol (methyl group at
C24) (Fig. 1). To validate potential effects found by plant sterols,
we used cholesterol throughout our study as the impact of cho-
lesterol on APP processing has been at least in some respect al-
ready intensively investigated.

For the detection of secreted A� levels we used SH-SY5Y cells
stably transfected with APP695, the predominant APP isoform in
neurons (Rohan de Silva et al., 1997). As expected cholesterol
significantly increased A� levels (122.4% � 1.3, p � 0.001) com-
pared with the solvent control (Fig. 2A) (Refolo et al., 2000; Fass-
bender et al., 2001; Refolo et al., 2001; Ghribi et al., 2006; Xiong et
al., 2008). Stigmasterol strongly reduced A� levels (62.00% � 3.9,
p � 0.0005) (Fig. 2A), whereas �-sitosterol significantly increased
A� secretion (115.2% � 2.2, p � 0.001). For campesterol and
brassicasterol A� levels were only slightly elevated compared with
solvent control. The determination of A�40 and A�42 peptides
using ELISA technique revealed that both A� species were signif-
icantly reduced in presence of stigmasterol: A�40 peptides were
decreased to 58% (58.4% � 6.8, p � 0.0102), A�42 peptides to
66% (65.9% � 1.9, p � 0.049) compared with control cells (Fig.
2B).

To exclude that the observed changes in A� secretion in pres-
ence of plant sterols are caused by general alterations in protein
secretion, we transfected SH-SY5Y wild-type (wt) cells with se-
cretory alkaline phosphatase (SEAP). SEAP secretion was not
significantly changed in presence of plant sterols (Fig. 2C). In
addition the sterols were significantly taken up by the cells and
the uptake was not significantly altered between single plant ste-
rols (uptake � 4.1 �g � 0.4 �g plant sterol/cholesterol per mil-
ligrams protein). Lactate-dehydrogenase-assay (LDH) analysis
revealed no signs for elevated cytotoxicity or reduced membrane
integrity in presence of sterols compared with solvent control
(Fig. 2D).

Cholesterol elevates A� generation by increasing gene
expression of �- and �-secretase and by directly affecting
�- and �-secretase enzymatic activity
To evaluate whether the observed changes in A� secretion are
caused by alterations in �- and/or �-secretase processing of APP,

we systematically investigated the effect of cholesterol and plant
sterols on �- and �-secretase activity, BACE1 and PS1 protein
level and gene expression of BACE1 and the components of the
�-secretase complex. The �- and �-secretase activities were de-
termined in purified membranes of SH-SY5Y wt cells or mouse
brains in presence of sterols and a specific fluorogenic peptide.
The use of a cell-free assay using purified membranes, allows
identifying the direct influence of sterols on secretase-activities
independent of alterations in gene expression and protein level.
The specificity of the assay was determined by using specific in-
hibitors (Fig. 3C,D).

In agreement with increased A� levels in APP695-expressing
SH-SY5Y cells, cholesterol significantly increased �-secretase ac-
tivity in purified membranes of SH-SY5Y wt cells (119.9% � 1.4,
p � 0.001) and mouse brains (116.2% � 0.6, p � 0.001) com-
pared with the solvent control (Fig. 3A), indicating a direct ef-
fect of cholesterol on �-secretase enzymatic activity. Elevated
�-secretase activity in presence of cholesterol has been already
recently described (Ghribi et al., 2006; Xiong et al., 2008; Liu et
al., 2009), validating the results obtained with the �-secretase
assay used in this study. Beside the direct effect of cholesterol on
�-secretase activity, RT-PCR analysis of SH-SY5Y wt cells incu-
bated with cholesterol showed increased gene expression of
BACE1 (154.9% � 10.9, p � 0.002) (Fig. 3A). To analyze whether
the BACE1 protein level is also changed in presence of choles-
terol, we performed WB analysis of BACE1. In accordance with
the changed BACE1 expression, BACE1 protein level was also
significantly increased in SH-SY5Y wt cells exposed to cholesterol
(110.5% � 2.5, p � 0.022) (Fig. 3A). These findings are in line
with the results obtained by Ghribi et al. describing increased
BACE 1 protein level in rabbits fed with 1% cholesterol for 7
months (Ghribi et al., 2006).

As the generation of A� depends on the successive action of �-
and �-secretase activity, we next determined the direct effect of
cholesterol on �-secretase activity in purified membranes of SH-
SY5Y wt cells and mouse brains. Similarly to the direct effect of
cholesterol on �-secretase activity, cholesterol directly increased
�-secretase activity in purified membranes of SH-SY5Y wt cells
(125.9% � 2.2, p � 0.001) and mouse brains (118.4% � 1.0, p �
0.001) (Fig. 3B), according to previous studies (Xiong et al.,
2008). In addition, cholesterol significantly increased gene ex-
pression of all �-secretase components, PS1, PS2, APH1A,
APH1B, PEN2 and NCSTN, attended by a significant increase in
the PS1 protein level (117.1% � 1.7, p � 0.001) (Fig. 3B).

These results indicate that cholesterol increases A� generation
by directly affecting �- and �-secretase activity and by increasing
the expression of BACE1 and the �-secretase complex.

�-Sitosterol increases A� generation by increasing gene
expression of �-secretase, but not of the �-secretase complex,
and by directly elevating �- and �-secretase enzymatic
activity
Among the plant sterols analyzed, �-sitosterol showed the stron-
gest increase in A� secretion. However, the increase in A� gen-
eration found for �-sitosterol was lower compared with
cholesterol. Interestingly we found for �-sitosterol a nearly iden-
tical increase in �-secretase activity in purified membranes of
SH-SY5Y wt cells (�-sitosterol: 119.1% � 5.0, p � 0.002) (Fig.
4A) as shown for cholesterol (cholesterol: 119.9% � 1.4, p �
0.001). Also in purified membranes of mouse brains, �-sitosterol
significantly elevated �-secretase activity (109.8% � 1.1, p �
0.001) (Fig. 4A), however the observed increase was not as strong
as found with SH-SY5Y membranes. RT-PCR analysis of SH-
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SY5Y wt cells exposed to �-sitosterol also revealed increased gene
transcription of BACE1 (121.7% � 3.3, p � 0.001), attended by
an increase in BACE1 protein level (108.5% � 2.6, p � 0.034)
(Fig. 4A).

Similarly to the effect of �-sitosterol on �-secretase enzymatic
activity, �-sitosterol also showed a nearly identical potency to
increase �-secretase activity directly as found for cholesterol us-
ing either purified membranes of SH-SY5Y wt cells (123.3% �
2.4, p � 0.001) or of mouse brains (115.9% � 2.5, p � 0.001)
(Fig. 4B). However, in contrast to cholesterol, �-sitosterol
showed no significant effect on the gene expression of the
�-secretase complex and as a consequence no effect on the PS1
protein level (100.5% � 2.4, p � 0.881) (Fig. 4B). Since
�-sitosterol shows no additional effect on the gene expression
and protein level of the �-secretase complex compared with cho-
lesterol, this should result in lower secreted A� levels compared
with cholesterol which was indeed found for �-sitosterol.

Brassicasterol slightly increases A� generation by directly
affecting �- and �-secretase activity
For brassicasterol we found only slightly elevated secreted A�
levels using APP695-expressing SH-SY5Y cells. The analysis of
the �-secretase cleavage in presence of brassicasterol revealed
slightly, however significantly increased �-secretase enzymatic
activity. Brassicasterol directly increased �-secretase activity in
purified membranes of SH-SY5Y wt cells (108.5% � 1.9, p �
0.0013) and mouse brains (106.6% � 1.7, p � 0.018) (Fig. 5A).
Gene expression and protein level of BACE1 remained unaffected
(Fig. 5A). Similar to the direct effect of brassicasterol on
�-secretase activity, �-secretase activity was also slightly, however
again significantly elevated in purified membranes of SH-SY5Y
wt cells (108.2% � 1.0, p � 0.001) and mouse brains (111.4% �
1.6%, p � 0.005) (Fig. 5B). Significantly altered gene expression
was only found for the �-secretase components PS2 and APH1B,
but not for the homologues PS1 and APH1A, PEN2 and NCSTN

Figure 3. Effect of cholesterol on amyloidogenic �- and �-secretase cleavage. A, Effect of cholesterol on �-secretase BACE1. Dark-gray bars, Influence of cholesterol on �-secretase activity in
purified membranes of human SH-SY5Y wt cells and ex vivo in purified membranes of mouse brains. Purified membranes were incubated with cholesterol (50nMol/mg protein) or solvent control.
The �-secretase activity was determined by a fluorometric assay. Light-gray bars, Influence of cholesterol on gene expression and protein level of BACE1. SH-SY5Y wt cells were incubated with
cholesterol (10 �M) or solvent control; total RNA was prepared and mRNA level of BACE1 was determined via RT-PCR. For the determination of BACE1 protein level, cell lysates were prepared, protein
level adjusted, and equal volumes of cell lysates loaded and separated on 10 –20% Tris-Tricine gels. WB analysis was performed with antibody B0806. A representative WB is shown. B, Influence of
cholesterol on �-secretase. Dark-gray bars, Influence of cholesterol on �-secretase activity in purified membranes of human SH-SY5Y wt cells and ex vivo in purified membranes of mouse brains.
Purified membranes were incubated with cholesterol (50nMol/mg protein) or solvent control and �-secretase activity was determined by a fluorometric assay. Light-gray bars, Influence of
cholesterol on gene expression of the �-secretase components and on the protein level of the PS1 N-terminal fragment (PS1 NTF). SH-SY5Y wt cells were incubated with cholesterol (10 �M) or
solvent control; total RNA was prepared and mRNA levels were determined via RT-PCR for PS1, PS2, APH1A, APH1B, PEN2, and NCSTN. For the analysis of the PS1 protein level, cell lysates were
prepared, protein level adjusted, and equal volumes of cell lysates loaded and separated on 10 –20% Tris-Tricine gels. WB analysis was performed with antibody sc7860. A representative WB is
shown. A, B, Illustration and statistical significance as described for Figure 2; n � 4. C, Determination of specificity of the �-secretase assay. The assay was performed as described using �-secretase
inhibitor II (Calbiochem). D, Determination of specificity of the �-secretase assay. The assay was performed as described using �-secretase-inhibitor X (Calbiochem).
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(Fig. 5B). Protein level of PS1 was also unchanged in presence of
brassicasterol (Fig. 5B).

Campesterol slightly increases A� secretion by directly
affecting �-secretase activity
Beside brassicasterol, campesterol only marginally affected A�
generation. Analyzing �- and �-secretase activity, gene expres-
sion and protein level of BACE1 and the �-secretase complex, we
found that the slight increase in A� secretion obtained with
APP695-expressing SH-SY5Y cells in presence of campesterol
is mainly attributed to increased �-secretase activity. The
�-secretase activity was only marginally, but significantly ele-
vated in purified membranes of mouse brains (104.8% � 1.4, p �
0.049), whereas we found no direct effect of campesterol in
SH-SY5Y wt membranes (Fig. 6A). In line with the unaffected
gene expression of BACE1, the protein level of BACE1 was un-

changed (Fig. 6A). However, campesterol significantly increased
�-secretase activity in purified membranes of SH-SY5Y wt cells
(115.5% � 3.0, p � 0.001) and mouse brains (106.9% � 1.3, p �
0.046) (Fig. 6B). Gene expression of all components of the
�-secretase complex remained unaffected in presence of campes-
terol, reflected by unchanged PS1 protein level (Fig. 6B).

Pleiotropic mechanisms are involved in reducing A�
secretion in presence of stigmasterol
Stigmasterol directly reduces �-secretase activity and decreases
gene expression of the �-secretase complex
Stigmasterol, the plant sterol having the strongest structurally
differences compared with cholesterol, was found to be the only
sterol to reduce A� generation. The analysis of the �-secretase
activity in purified membranes in presence of stigmasterol re-
vealed slightly however significantly reduced �-secretase enzy-

Figure 4. Influence of �-sitosterol on �- and �-secretase. A, Influence of �-sitosterol on �-secretase activity, gene expression, and protein level of BACE1. B, Influence of �-sitosterol on
�-secretase activity, gene expression of the �-secretase complex, and PS1 protein level. A, B, Sterol concentration used and analysis of secretase activities, gene expression, and protein level as
described for Figure 3. Illustration and statistical significance as described for Figure 2; n � 6.

Figure 5. Influence of brassicasterol on �- and �-secretase. A, Effect of brassicasterol on �-secretase activity, gene expression, and protein level of BACE1. B, Influence of brassicasterol on
�-secretase activity, gene expression of the �-secretase complex, and PS1 protein level. A, B, Sterol concentration used and analysis of secretase activities, gene expression, and protein level as
described for Figure 3. Illustration and statistical significance as described for Figure 2; n � 6.
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matic activity. For SH-SY5Y wt membranes we found �-secretase
activity to be decreased to 90% (90.3% � 2.5, p � 0.002), for
mouse brain membranes to 85% (84.9% � 1.5, p � 0.001) (Fig.
7A). In contrast to the direct effect of stigmasterol on �-secretase
activity, no significant changes on gene expression and protein
level of BACE1 were obtained (Fig. 7A). Similarly, stigmasterol
does not directly affect �-secretase activity as we observed no
alterations in �-secretase enzymatic activity in purified mem-
branes of SH-SY5Y wt cells and mouse brains (Fig. 7B). Instead,
in presence of stigmasterol mRNA levels of all �-secretase com-
ponents were significantly reduced to 74%– 89%, attended by a
significant decrease in the PS1 protein level (85.3% � 1.2, p �
0.001) (Fig. 7B). To evaluate whether the observed reduced gene
expression of the �-secretase complex results in decreased A�
levels, we analyzed A� secretion in SH-SY5Y cells stably trans-
fected with the truncated APP construct SPC99. SPC99 repre-
sents the C-terminal fragment of �-secretase cleaved APP, which
allows studying the influence of sterols on �-secretase cleavage,
independent of �-secretase activity. Indeed, A� generation was
also significantly reduced to 78% in stigmasterol-treated SH-
SY5Y cells stably transfected with the truncated APP construct
SPC99 (78.5% � 3.6, p � 0.009) (Fig. 7B).

Stigmasterol decreases �-secretase cleavage by reducing BACE1
internalization to the endosomal compartments
As we observed only a minor effect of stigmasterol on directly
decreasing �-secretase activity we asked whether �-secretase
cleavage of APP is affected by additional mechanisms in presence
of stigmasterol. Since the endosomal compartments have been
found to be the major cellular site of BACE1 activity (Huse et al.,
2000), we analyzed whether stigmasterol interferes with BACE1
internalization from the plasma membrane to the endosomes.
Biotinylation of cell surface localized proteins revealed a strong
increase in biotinylated BACE1 in presence of stigmasterol
(137.4% � 8.0, p � 0.016) compared with control cells, indicat-
ing that BACE1 accumulates at the plasma membrane (Fig. 7C).
Levels of biotinylated APP were unchanged (Fig. 7C), suggesting
that the observed effect is specific for BACE1. Similarly, protein
level of the EEA1 was not affected in cell-lysates of stigmasterol-
treated SH-SY5Y wt cells compared with control cells. BACE1

accumulation at the plasma membrane might be caused by re-
duced internalization of BACE1 to the endosomal compart-
ments. To analyze whether stigmasterol might additionally
decrease �-secretase cleavage of APP by diminishing BACE1 in-
ternalization, we isolated endosomes by density centrifugation.
Cell fractionation followed by gel electrophoresis and WB analy-
sis of the collected fractions resulted in three fractions positive for
the EEA1 (Fig. 7D). EEA1-positive fractions were pooled and
analyzed for �-secretase activity, the C-terminal fragment gener-
ated by �-secretase processing of APP (�-CTF) and for BACE1
protein level. Indeed, the protein level of BACE1 was significantly
reduced in EEA1-positive fractions in presence of stigmasterol
(86.9% � 1.9, p � 0.001), accompanied by a similar decrease in
�-secretase activity (85.8 � 1.8, p � 0.001) and the product of
�-secretase-mediated APP cleavage, �-CTF (90.0% � 1.5, p �
0.003) (Fig. 7D).Together, these results indicate that stigmasterol
also decreases �-secretase cleavage of APP and thus A� genera-
tion, by diminishing BACE1 internalization from the cell surface
to the endosomal compartments.

Stigmasterol decreases �-secretase activity by affecting cholesterol
distribution in lipid rafts
Cholesterol within mammalian cells as well as plant sterols within
plant cell membranes have been shown to be organized in spe-
cialized microdomains of the plasma membrane, also called lipid
rafts (Simons and Ikonen, 1997; Mongrand et al., 2010). Lipid
rafts are involved in �- and �-secretase cleavage of APP (Ehehalt
et al., 2003; Vetrivel and Thinakaran, 2010) and in line with our
results, it has been shown that alterations in the cholesterol level
influence A� generation (Refolo et al., 2000; Fassbender et al.,
2001; Wahrle et al., 2002; Ghribi et al., 2006). As plant sterols,
compared with cholesterol, have a similar sterol backbone, we
analyzed whether stigmasterol affects cholesterol distribution
and thus �-secretase activity in lipid raft membrane microdo-
mains. To address this question, SH-SY5Y wt cells were incu-
bated with stigmasterol or the solvent control and raft and
nonraft membrane microdomains were obtained by sucrose
buoyant density centrifugation. To identify raft and nonraft
membrane microdomains, collected gradient fractions were im-
munoblotted against raft marker protein flotillin or cadherin for

Figure 6. Influence of campesterol on �- and �-secretase. A, Effect of campesterol on �-secretase activity, gene expression, and protein level of BACE1. B, Influence of campesterol on
�-secretase activity, gene expression of the �-secretase complex, and PS1 protein level. A, B, Sterol concentration used and analysis of secretase activities, gene expression, and protein level as
described for Figure 3. Illustration and statistical significance as described for Figure 2; n � 5.

16080 • J. Neurosci., October 9, 2013 • 33(41):16072–16087 Burg et al. • Impact of Plant Sterols on Alzheimer’s Disease



Figure 7. Stigmasterol reduces A� generation via pleiotropic mechanisms. A, Effect of stigmasterol on �-secretase BACE1. Dark-gray bars, Stigmasterol reduces �-secretase activity directly in
purified membranes of SH-SY5Y wt cells and of mouse brains. Light-gray bars, Stigmasterol has no effect on BACE1 expression. Sterol concentration used and analysis of secretase activities and BACE1
expression as described for Figure 3A. B, Influence of stigmasterol on �-secretase. Dark-gray bars, Stigmasterol does not affect �-secretase activity directly in purified membranes of SH-SY5Y wt cells
and of mouse brains. Light-gray bars, left, Stigmasterol significantly decreases gene expression of all �-secretase components, PS1, PS2, APH1A, APH1B, PEN2, and NCSTN, resulting (Figure legend continues.)
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the determination of gradient fractions representing nonraft
membrane microdomains (Fig. 7E). The analysis of the choles-
terol content in the collected fractions revealed that the choles-
terol level was significantly reduced in raft-positive fractions
when cells were incubated with stigmasterol (cholesterol/rafts:
90.9% � 2.3, p � 0.007) (Fig. 7E). As a consequence of the re-
duced cholesterol level in lipid rafts, �-secretase activity should
be decreased since we have shown that cholesterol directly acti-
vates �-secretase activity. Indeed, �-secretase activity was also
significantly reduced in raft membrane microdomains (�-sec/
rafts: 85.2% � 4.6, p � 0.009), whereas activity of �-secretase was
slightly, however, significantly increased in nonraft gradient frac-
tions (�-sec/nonrafts: 107.5% � 3.2, p � 0.039) (Fig. 7E). The
increase in �-secretase activity in nonraft microdomains might
be caused by the elevated cholesterol level in nonraft gradient
fractions in stigmasterol-incubated cells (cholesterol/nonrafts:
105.4% � 1.7, p � 0.021) (Fig. 7E). Notably, stigmasterol distri-
bution to lipid raft-positive fractions were 2.56fold increased
compared with stigmasterol content in nonraft membrane mi-
crodomains (Fig. 7F). The stigmasterol-induced shift of choles-
terol and �-secretase activity from rafts to nonraft membrane
microdomains was attended by a shift of PS1 protein from raft to
nonraft gradient fractions (PS1/rafts: 71.6% � 12.9, p � 0.033;
PS1/nonrafts: 125.5% � 10.4, p � 0.026 (Fig. 7E), also contrib-
uting to a reduced �-secretase cleavage in lipid rafts. These data
indicate that stigmasterol reduces A� generation by incorporat-
ing in lipid raft membrane microdomains, thus displacing cho-
lesterol and PS1 out of lipid rafts and therefore reducing
�-secretase cleavage in lipid rafts.

Stigmasterol-enriched diets decrease amyloidogenic APP
processing in vivo
To examine whether stigmasterol, the only plant sterol show-
ing anti-amyloidogenic properties, might also be beneficial in
vivo, mice were fed with two stigmasterol-enriched diets, con-
taining different amounts of stigmasterol. Whereas brain
�-secretase activity from mice fed with a diet containing
0.19% stigmasterol (�) was not significantly reduced (�-
sec/�: 90.5% � 4.3, n.s.), �-secretase activity was significantly
decreased when the diet contained 0.39% of stigmasterol
(��) (�-sec/��: 79.1% � 2.1, p � 0.001) compared with
mice fed with normal chow (Fig. 8A). For mouse blood cells
we found significantly decreased �-secretase activity for both
stigmasterol-enriched diets (�-sec/�: 91.0% � 0.6, p �
0.0013; �-sec/��: 85.9% � 2.9, p � 0.003) (Fig. 8A). The
�-secretase activity was significantly and dose-dependently
decreased in mouse brains obtained from mice fed with the
stigmasterol-enriched diets compared with control mice (�-
sec/�: 84.8% � 3.2, p � 0.008; �-sec/��: 70.8% � 4.8, p �
0.001) (Fig. 8A). Significantly reduced �-secretase activity was
also obtained for blood cells of these mice (�-sec/�: 77.5% �
2.8, p � 0.003; �-sec/��: 82.3% � 4.3, p � 0.021) (Fig. 8A).

In accordance to the reduced PS1 protein level and unchanged
BACE1 protein level in cells incubated with stigmasterol (Fig.
7A,B), PS1 protein level was also significantly decreased in stig-
masterol (��)-fed mice (PS1: 84.1% � 3.2, p � 0.008) (Fig. 8B),
and protein level of BACE1 was not significantly changed. As a
consequence of reduced �- and �-secretase activity (Fig. 8A),
soluble A� levels were also decreased in mouse brains fed with a
stigmasterol-enriched diet (Fig. 8C). Similar to the results ob-
tained with cell culture experiments, both A� species were signif-
icantly reduced in stigmasterol-fed mice (A�40: 86.5% � 2.3, p �
0.0018; A�42: 84.2% � 1.8, p � 0.001) (Fig. 8D). These data
indicate that indeed nutritional intake of stigmasterol can reduce
the cerebral activity of amyloidogenic enzymes in vivo and thus
A� levels in brain.

However, as plant sterols interfere with the intestinal resorp-
tion of cholesterol (Ostlund, 2002; Richelle et al., 2004), the ob-
served effect on amyloidogenic processing in stigmasterol-fed
mice might be a consequence of altered cholesterol level in the
brains of these animals. To evaluate whether the reduced amy-
loidogenic processing in vivo is caused by stigmasterol itself and
not accompanied by reduced cholesterol, we examined stigmas-
terol and cholesterol level in serum and brain samples of these
animals. The analysis of cholesterol and stigmasterol in serum
samples of stigmasterol (�)- and (��)-fed mice revealed no
change in the cholesterol level, whereas stigmasterol was signifi-
cantly increased compared with serum samples of control ani-
mals (Fig. 8E,F), indicating efficient dietary stigmasterol uptake.
In brain samples, cholesterol level was also unchanged, the level
of stigmasterol was dose-dependently increased compared with
the control diet (Fig. 8G,H), emphasizing that stigmasterol
passed the blood– brain-barrier and is the cause for the observed
reduced �- and �-secretase activities.

Discussion
To evaluate whether dietary intake of plant sterols might be
beneficial for the prevention of AD, we analyzed the effect of
plant sterols and cholesterol on the molecular mechanisms of
APP processing.

We found that stigmasterol was the only plant sterol that sig-
nificantly decreased A� levels. Compared with stigmasterol,
�-sitosterol and cholesterol significantly increased A� levels,

4

(Figure legend continued.) in a reduced PS1 protein level. Sterol concentration, analysis of
gene transcription, and PS1 protein level as described for Figure 3B. Light gray bar, right,
Influence of stigmasterol on secreted A� levels in SH-SY5Y cells stably expressing SPC99.
SPC99-expressing SH-SY5Y cells were incubated with 10 �M stigmasterol or solvent control.
Secreted A� levels were immunoprecipitated with antibody W02, and WB analysis was per-
formed with antibody W02. C, Biotinylation of cell surface localized proteins in presence of
stigmasterol. SH-SY5Y wt cells were incubated with 10 �M stigmasterol or solvent control,
scraped off, and biotinylation was performed as described in Material and Methods. Biotinyl-
ated proteins were immunoprecipitated using streptavidin agarose. WB analysis of biotinylated
APP was performed with antibody W02, WB analysis of biotinylated BACE1 with antibody
B0806. Cell-lysates were analyzed for total protein level of EEA1 of stigmasterol-treated cells or
control cells. WB analysis was performed with antibody ab2900. D, Stigmasterol reduces BACE1
internalization. Stigmasterol-treated cells (10 �M) and control cells were fractionated using
OptiPrep density gradient centrifugation. Collected fractions were loaded and separated on
10 –20% Tris-Tricine gels. WB analysis was performed with anti-EEA1 antibody. EEA1-positive
fractions were pooled and analyzed for BACE1 protein level as described for Figure 3A. �-CTF
was detected using antibody W02 for WB analysis. EEA1-positive fractions were also analyzed
for �-secretase activity. E, Stigmasterol affects cholesterol level, �-secretase activity, and PS1
protein level in lipid rafts. Stigmasterol-treated cells (10 �M) and control cells were subjected to
buoyant sucrose density centrifugation and 16 fractions were collected. Fractions were loaded,
separated on 10 –20% Tris-Tricine gels and subjected to WB analysis. For the detection of
raft-positive gradient fractions, the antibody anti-flotillin 610821 was used, for the detection of
nonraft fractions the antibody anti-cadherin ab6528. Determination of cholesterol level,
�-secretase activity, and PS1 protein level in raft and nonraft membrane microdomains. For the
determination of the cholesterol content, SH-SY5Y wt cells were pulsed with 14C-cholesterol
and afterward incubated with 10 �M stigmasterol as described in Materials and Methods.
Cholesterol levels were determined by liquid scintillation counting in a Tri-Carb2800TR,
�-secretase activity via the fluorescent �-secretase assay as described in Material and Methods.
PS1 protein level was detected using antibody sc7860. A–E, Representative WBs for protein
analysis experiments are shown. Illustration and statistical significance as described for Figure
2; n � 4. F, Stigmasterol distribution to raft and nonraft microdomains. Pooled raft/nonraft
samples were subjected to derivatization and mass spectrometry as described in Materials and
Methods to determine stigmasterol content in raft and nonraft membrane microdomains.
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whereas campesterol and brassicasterol showed minor or no ef-
fect on A� secretion. Interestingly, the A�-reducing plant sterol
stigmasterol is structurally the most distinctive from cholesterol,
having an additional double-bond at C22–C23 and an ethyl-
group at C24. The analysis of the molecular mechanisms revealed
that stigmasterol directly inhibited �-secretase activity and fur-
ther reduced �-secretase cleavage of APP by decreasing BACE1
internalization from the plasma membrane to the endosomal
compartments, known to have an optimal acidic pH for BACE1
cleavage of APP (Vassar et al., 1999; Huse et al., 2000). In addi-
tion, the stigmasterol-induced reduction of secreted A� levels,
A�40 and A�42, is caused by reduced gene transcription of all
�-secretase components, further validated by a decrease in the
protein level of PS1, the catalytic active part of the heterotetra-
meric �-secretase (Herreman et al., 2000). Interestingly, we
found that stigmasterol can incorporate in lipid raft membrane
microdomains of mammalian cells, accompanied by a reduction
in the cholesterol content in lipid rafts. The decrease in the cho-
lesterol content in lipid raft membrane microdomains to 90% in
presence of stigmasterol might be rather small, however, as cho-

lesterol has been shown to alter A� production via multiple
mechanisms, a 10% decreased cholesterol level in lipid rafts
might have a more pronounced effect on A� generation.

First, we and others could show that cholesterol directly acti-
vates �-secretase activity (Wahrle et al., 2002; Xiong et al., 2008).
We found �-secretase activity to be reduced in lipid raft mem-
brane microdomains in presence of stigmasterol, which might be
a consequence of the reduced cholesterol level. Taken into con-
sideration that in the present study as well as in previous studies
cholesterol also directly increased �-secretase activity (Ghribi et
al., 2006; Liu et al., 2009), a reduced level of cholesterol in lipid
rafts should further decrease A� generation, as �-secretase
BACE1 has been shown to be raft-associated (Riddell et al., 2001;
Sakurai et al., 2008).

Second, cholesterol has been shown to increase the accessibil-
ity of BACE1 to its substrate APP by relocalization of APP from
nonraft membrane microdomains to lipid rafts, already contain-
ing BACE1, followed by rapid endocytosis (Marquer et al., 2011).
Furthermore, it has been shown that cholesterol depletion de-
creases endocytosis, which is crucial for BACE1 cleavage of APP

Figure 8. Effect of stigmasterol on proteolytic processing of APP in mice fed with stigmasterol-enriched diets. A, Determination of �- and �-secretase activity in brains and blood cells of mice fed
with a diet containing 0.19% (�) or 0.39% (��) of stigmasterol. B, Protein level BACE1 and PS1 in mice fed with the stigmasterol-enriched diet containing higher amounts (��) of stigmasterol.
Brain homogenates were prepared and analyzed by WB using antibody PC529 (anti-BACE1) and sc7860 (anti-PS1). C, Determination of soluble A� level (A�40 and A�42) in brains of mice fed with
a stigmasterol-enriched diet or the control diet. D, Determination of A�40 and A�42 peptides in brains of mice fed with a stigmasterol-enriched diet or the control diet. A–D, Illustration and
statistical significance as described for Figure 2. E, Determination of cholesterol level in serum of stigmasterol-fed mice containing 0.19% (�) or 0.39% (��) of stigmasterol. F, Determination of
stigmasterol level in serum of stigmasterol-fed mice containing 0.19% (�) or 0.39% (��) of stigmasterol. G, Determination of cholesterol level in brain of stigmasterol-fed mice containing 0.19%
(�) or 0.39% (��) of stigmasterol. H, Determination of stigmasterol level in brain of stigmasterol-fed mice containing 0.19% (�) or 0.39% (��) of stigmasterol. E, G, Cholesterol content was
determined by GC-FID. F, H, Stigmasterol content was analyzed by a method of GC-MS. All quantified data represent an average of six independent mouse brains/blood cells (n � 6).

Burg et al. • Impact of Plant Sterols on Alzheimer’s Disease J. Neurosci., October 9, 2013 • 33(41):16072–16087 • 16083



(Huse et al., 2000). As we found reduced cholesterol level in lipid
rafts in presence of stigmasterol, one might speculate that the
reduced internalization of BACE1 that we found in presence of
stigmasterol might be caused by the reduced cholesterol level in
lipid raft membrane microdomains. However, in this context one
has to consider that lipid raft-associated proteins are known to be
generally internalized through clathrin-independent pathways,
whereas cholesterol depletion mainly affects clathrin-dependent
endocytosis (Rodal et al., 1999; Subtil et al., 1999). However,
recent evidence suggests a link between lipid rafts and clathrin-
mediated endocytosis as it has been shown that lipid-raft associ-
ated proteins can be internalized by clathrin-coated pits
(Stoddart et al., 2002; Rollason et al., 2007). Furthermore, cholera
and anthrax toxins enter cells through lipid rafts by clathrin-
dependent mechanisms (Abrami et al., 2003; Hansen et al., 2005).
Interestingly, in presence of stigmasterol, cholesterol content,
�-secretase activity, and PS1 protein level was increased in
nonraft membrane microdomains. In contrast to the lipid
raft-associated amyloidogenic APP processing (Vetrivel and Thi-
nakaran, 2010), nonamyloidogenic processing of APP by
�-secretases preventing A� generation is discussed to take place
outside of lipid rafts (Kojro et al., 2001; Parr-Sturgess et al., 2010),
suggesting that stigmasterol might shift APP cleavage toward
nonamyloidogenic processing. A similar shift of cholesterol and
�-secretase activity toward nonamyloidogenic processing of APP
in nonraft membrane microdomains was recently reported to be
induced by the �-3 fatty acid docosahexaenoic acid (Grimm et
al., 2011b), indicating that in general a slight shift of cholesterol
from raft to nonraft membrane microdomains might be benefi-
cial to reduce A� generation.

Stigmasterol-induced effects are all between 10% and 30%
and less pronounced compared with e.g., synthetic secretase in-
hibitors (Shearman et al., 2000; Probst et al., 2013). However,
these obviously minor effects on different cellular processes, in-
cluding direct modulation of enzymes, gene expression, and sub-
cellular transport processes, result in a 38% reduced A�
generation. Furthermore, it has to be considered that BACE1 and
�-secretase not only cleave APP. BACE1 substrates include pro-
teins with important neuronal functions, like the �2-subunit of
the voltage-gated sodium channel (Nav�2) (Wong et al., 2005)
and neuregulin-1 (Willem et al., 2006), suggesting that a strong
therapeutic inhibition of BACE1 activity might affect neuronal
membrane excitability. It has been reported that BACE activity is
increased in sporadic AD (Yang et al., 2003). Some current ap-
proaches therefore target this elevated BACE activity to decrease
it to a physiological level instead of completely inhibiting BACE
activity. In line, the moderate inhibition of BACE activity by
stigmasterol could facilitate physiological BACE activity. Simi-
larly, total inhibition of �-secretase activity might not be suitable
to treat AD. The �-secretase is beside APP essential for the pro-
teolysis of many type-I transmembrane proteins, e.g., Notch,
ErbB4, CD44, LRP1, and jagged (Parks and Curtis, 2007). There-
fore, a slight and combined modulation of �- and �-secretase
activity affecting different cellular processes as observed for stig-
masterol might be more suitable.

Beside directly increasing �- and �-secretase activity, we
found that cholesterol significantly elevates gene expression of all
�-secretase components and of �-secretase BACE1 attended by
an increase of PS1 and BACE1 protein level. Increased BACE1
gene expression was already described in low density lipoprotein
receptor (LDLR)-deficient mice fed with a high fat/cholesterol
diet for an 8 week period (Thirumangalakudi et al., 2008). In
addition, Parsons et al. (2007) reported reduced BACE1 expres-

sion in human embryonic kidney cells when cholesterol synthesis
was inhibited. In line with our in vitro findings, BACE1 protein
level has been shown to be increased in rabbits fed with 1% cho-
lesterol for 7 months (Ghribi et al., 2006). Cholesterol increases
A� generation by directly activating �- and �-secretase enzyme
activity and by elevating gene expression of �- and �-secretase.
For �-sitosterol we observed a nearly identical increase in �- and
�-secretase activity as obtained for cholesterol, resulting in sig-
nificantly increased A� levels. However, in contrast to choles-
terol, �-sitosterol only elevates gene expression of BACE1 but not
of the �-secretase components. As �-sitosterol only elevates gene
transcription of BACE1 resulting in increased BACE1 protein
level but unchanged protein level of PS1, it is not remarkable that
for �-sitosterol the observed increase in the A� level is reduced
compared with cholesterol.

Based on these findings, cholesterol is highly amyloidogenic
whereas all analyzed plant sterols are not as amyloidogenic as
cholesterol to the point of stigmasterol that significantly de-
creased amyloidogenic processing of APP, suggesting that a
diet enriched in plant sterols mainly containing stigmasterol
might be beneficial for AD. Indeed, in vivo, �- and �-secretase
activities were also significantly decreased in mice fed with a
stigmasterol-enriched diet, accompanied by reduced brain A�
levels, A�40 and A�42. Although phytosterols reduce the in-
testinal resorption of cholesterol (Richelle et al., 2004), brain
cholesterol level of stigmasterol-fed mice were unaffected,
whereas brain stigmasterol levels were increased. This is in line
with the findings that brain cholesterol homeostasis is widely
independent of ingested cholesterol (Vance et al., 2005). The
above mentioned reduction of secretase activities in vivo
might be attributed to a reduction of cholesterol in brain lipid
rafts as we found reduced cholesterol and increased stigmas-
terol level in rafts after stigmasterol incubation, thus reducing
secretase activities in rafts.

The estimated daily dietary intake of naturally occurring
phytosterols ranges from 100 to 450 mg (Berger et al., 2004).
Among edible oils, maize, wheat germ, and rapeseed oils have
been shown to be the richest phytosterol sources (Phillips et al.,
2002; Schwartz et al., 2008), however, higher stigmasterol level
have been found for soybean oil (up to 82,4 mg/100 g) (Lechner
et al., 1999). Normen et al. (2002) reported a mean phytosterol
concentration for cereals of 49 mg/100 g; the median content of
stigmasterol was 2 mg/100 g. A recent study analyzing ingredients
used to enrich foods with phytosterols revealed high stigmasterol
contents in two ingredients (6.6% stigmasterol and 17.8% stig-
masterol of total phytosterols) (González-Larena et al., 2011).
Compared with the stigmasterol content used for our in vivo
studies, 190 mg/100 g and 390 mg/100 g, the stigmasterol
contents in natural foods are lower. However, it has to be
mentioned that mice were fed 6 weeks with the stigmasterol-
enriched diets, and that this short time period already showed
anti-amyloidogenic effects. In humans, the time period of di-
etary phytosterol intake would be expected to be longer and
continuously. Therefore, functional foods might be suitable to
achieve higher stigmasterol uptake in the human diet. How-
ever, whether the stigmasterol concentrations in functional
foods are indeed sufficient to reduce A� generation in humans
has still to be elucidated.

Conclusion
Food products containing plant sterols have been widely used as
therapeutic diets or food supplements to lower plasma choles-
terol, atherosclerosis risk, and the risk for coronary heart diseases
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(Plat and Mensink, 2001; Ostlund, 2002; Acuff et al., 2007; Calpe-
Berdiel et al., 2009). However, up to now it has been controver-
sially discussed whether these lipids are indeed protective. It is
important to notice that mainly blends containing different
phytosterols are used as food supplements and that studies sys-
tematically investigating potential differences between these
phytosterols in respect to their biological properties and activities
are still missing. It was recently shown that plant sterols can pass
the blood– brain barrier and accumulate in the brain, underlying
the importance of the question whether plant sterols are biolog-
ically active compounds in the brain. Their similarity to choles-
terol also raises the question what kind of properties phytosterols
might have in respect to AD. This issue was addressed by our
study, where we investigated the effect of the major plant
sterols—�-sitosterol, stigmasterol, brassicasterol, and campes-
terol—and cholesterol on their impact on the molecular mecha-
nism leading to AD.

Our data show that plant sterols are biologically active food
compounds interfering with important functional processes in
the brain. In respect to Alzheimer’s disease we could demonstrate
that plant sterols are not as amyloidogenic as cholesterol, and that
in particular stigmasterol decreases amyloidogenic processing
and could therefore be an interesting food compound being ben-
eficial in Alzheimer’s disease.

However, we could also show that the underlying mecha-
nisms, making phytosterols an interesting target for Alzhei-
mer’s disease, also affect membrane organization like
cholesterol-enriched lipid raft membrane microdomains and
endocytosis, which might also be relevant for other brain
functions. Therefore, we cannot exclude that plant sterols
might interfere with further critical lipid raft membrane func-
tions, including cell signaling, neurotransmission, and mem-
brane protein trafficking (Tsui-Pierchala et al., 2002), which
should be addressed by further studies.
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