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Effects of Grape Seed-derived Polyphenols on Amyloid
�-Protein Self-assembly and Cytotoxicity*□S �
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the �Bronx Veterans Administration Medical Center, Bronx, New York 10468

Epidemiological evidence suggests that moderate consump-
tion of red wine reduces the incidence of Alzheimer disease
(AD). To study the protective effects of red wine, experiments
recently were executed in the Tg2576 mouse model of AD.
These studies showed that a commercially available grape seed
polyphenolic extract, MegaNatural-AZ (MN), significantly
attenuated AD-type cognitive deterioration and reduced cere-
bral amyloid deposition (Wang, J., Ho, L., Zhao, W., Ono, K.,
Rosensweig, C., Chen, L., Humala, N., Teplow, D. B., and Pasi-
netti, G.M. (2008) J. Neurosci. 28, 6388–6392). To elucidate the
mechanistic bases for these observations, herewe usedCD spec-
troscopy, photo-induced cross-linking of unmodified proteins,
thioflavin T fluorescence, size exclusion chromatography, and
electronmicroscopy to examine the effects ofMNon the assem-
bly of the two predominant disease-related amyloid �-protein
alloforms, A�40 andA�42.We also examined the effects ofMN
onA�-induced cytotoxicity by assaying 3-[4,5-dimethylthiazol-
2-yl]-2,5-diphenyltetrazolium bromide metabolism and lactate
dehydrogenase activity in A�-treated, differentiated pheochro-
mocytoma (PC12) cells. Initial studies revealed thatMNblocked
A� fibril formation. Subsequent evaluation of the assembly
stage specificity of the effect showed thatMNwas able to inhibit
protofibril formation, pre-protofibrillar oligomerization, and
initial coil 3 �-helix/�-sheet secondary structure transitions.

Importantly, MN had protective effects in assays of cytotoxicity
in which MN was mixed with A� prior to peptide assembly or
following assembly and just prior to peptide addition to cells.
These data suggest thatMN is worthy of consideration as a ther-
apeutic agent for AD.

Alzheimer disease (AD)4 has been characterized historically
by the accumulation of intraneuronal filaments formed by the
microtubule-associated protein tau and of extracellular paren-
chymal and vascular amyloid deposits largely comprising the
amyloid �-protein (A�) (1). Continuing investigations of the
pathogenetic relationships among tau, A�, andAD suggest that
oligomeric forms of A� play a seminal role in disease causation
(2–6). If so, the most efficacious therapeutic agents would tar-
get the assembly or neurotoxic activity of these structures. This
suggestion is consistent with the fact that current AD treatments,
which block brain acetylcholine degradation or N-methyl-D-as-
partate receptors, are not preventive or curative and produce only
modest and temporary symptomatic effects (7).
Nature itself already may have created useful therapeutic

agents. This suggestion comes in part from the search for
answers to the “French paradox,” namely that consumption of
relatively large amounts of cholesterol and saturated fats occurs
in the presence of decreased coronary artery disease death rates
(8). Investigation of this phenomenon revealed that moderate
red wine consumption might be the answer (9). The relevance
of this finding to AD has come from subsequent French and
Danish epidemiological studies suggesting that moderate wine
drinking may protect against this disease (10–13).
Initial studies in transgenic animals of the effects ofmoderate

consumption of red wines revealed a diminution in AD-like
neuropathology and cognitive deterioration (14, 15). Recently,
to establish a system enabling determination of themechanistic
basis for these epidemiologic observations, a grape seed poly-
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phenolic extract (GSPE) was administered orally to Tg2576
mice, a murine model of AD (16). Significant amelioration of
cognitive deficits was observed, and this amelioration corre-
lated with reductions in the amounts of high molecular weight
A� assemblies in the brain (17). These studies support the pos-
tulation that grapes or their fermentation products contain
compounds that could be useful therapeutic agents for AD.
What are these compounds? Classical biochemical fraction-

ation studies have shown that the active components of red
wine are polyphenols, including resveratrol and the proantho-
cyanidins (18). Resveratrol was found to lower significantly the
levels of secreted and intracellular A� produced in a variety of
cell lines by increasing proteasome-mediated A� degradation
(19). Interestingly, a related polyphenolic compound, curcu-
min, is found in the common spice curry (20). As with red wine,
epidemiologic studies have shown a correlation between cur-
cumin (curry) consumption and decreased AD risk (21). More-
over, treatment with Ginkgo biloba extract EGb 761�, another
polyphenol-containing preparation, has been reported to
improve cognitive performance of AD patients (22). The con-
cordance of results from these different systems emphasizes the
potential importance of elucidating the mechanism through
which polyphenols alter A� aggregation and toxicity.
Initial mechanistic studies have focused on formation of

large oligomers and fibrils. Wine-related polyphenols isolated
by high performance liquid chromatography have been shown
to inhibit the formation of A� fibrils as well as to dissociate pre-
formed fibrils by preferentially and reversibly binding to these
structures (23–25). For example, tannic acid, myricetin, morin,
and quercetin inhibited fibril formation by �70% (23, 24). Most
recently, a commercially available GSPE,MegaNatural-AZ (MN),
was shown to inhibit significantly the aggregation ofA� into SDS-
stable highmolecular weight oligomers (17).
In the studies reported here, we sought to determine how

polyphenols affected A� conformational dynamics and assem-
bly and whether these effects correlated with peptide cytotox-
icity. To do so, we treated A�42 and A�40 with MN and then
monitored assembly and toxicity using a combination of CD,
PICUP, ThT binding, electron microscopy (EM), MTTmetab-
olism, and LDH activity. The results show potent inhibitory
effects at all stages of peptide assembly.

EXPERIMENTAL PROCEDURES

Chemicals and Reagents—Chemicals were obtained from
Sigma-Aldrich Co. and were of the highest purity available.
NGA9–119 (NGA) was obtained from Aurora Fine Chemi-
cals Ltd., Graz, Austria. MegaNatural-AZ (MN) was
obtained from Polyphenolics, Madera, CA. The molecular
weight of catechin/epicatechin dimer, 580.6, the most abun-
dant form of oligomer in GSPE, was used to calculate the
molarity of MN.Water was produced using a Milli-Q system
(Millipore Corp., Bedford, MA).
Peptides and Proteins—A� peptides were synthesized, puri-

fied, and characterized as described previously (26). Briefly,
synthesis was performed on an automated peptide synthesizer
(model 433A, Applied Biosystems, Foster City, CA) using 9-flu-
orenylmethoxycarbonyl-based methods on preloaded Wang
resins. Peptides were purified using reverse-phase high-perfor-

mance liquid chromatography (HPLC). Quantitative amino
acid analysis andmass spectrometry yielded the expected com-
positions andmolecular weights, respectively, for each peptide.
Purified peptides were stored as lyophilizates at �20 °C. A
stock solution of glutathione S-transferase (GST; Sigma-Al-
drich) was prepared by dissolving the lyophilizate to a concen-
tration of 250 �M in 60 mM NaOH. Prior to use, aliquots were
diluted 10-fold into 10 mM sodium phosphate, pH 7.4.
Preparation of A� Solutions—Aggregate-free solutions of A�

were prepared using SEC (for a review, see Teplow (27)). The
nominal monomer fraction has been termed low molecular
weight (LMW)A� because, at experimental peptide concentra-
tions, this fraction comprises a mixture of monomer and low
molecular oligomers in rapid equilibrium (28). For economy of
presentation, we refer here to LMW A� simply as “A�.” To
prepare A�, 200 �l of a 2 mg/ml peptide solution in dimethyl
sulfoxide was sonicated for 1 min using a bath sonicator
(Branson Ultrasonics, Danbury, CT) and then centrifuged for
10 min at 16,000 � g. The resulting supernate was fractionated
on a Superdex 75HRcolumnusing 10mMphosphate buffer, pH
7.4, at a flow rate of 0.5 ml/min. The middle of the LMW peak
was collected during 50 s and used immediately. A 10-�l aliquot
was taken for amino acid analysis to determine quantitatively
the peptide concentration in each preparation. Typically, the
concentrations of A�40 and A�42 were 30–40 and 10–20 �M,
respectively.
Peptide Aggregation—A� solutions were prepared as speci-

fied above, and then 0.5-ml aliquots were placed in 1-mlmicro-
centrifuge tubes. Test compounds were dissolved in ethanol to
a final concentration of 2.5 mM and then diluted with 10 mM
phosphate, pH 7.4, to produce concentrations of 10 and 50 �M.
One-half ml of each compound then was added to separate
tubes of A�, yielding final peptide concentrations of �20
(A�40) and �10 �M (A�42) and final inhibitor concentrations
of 5 and 25 �M. Compound:peptide ratios thus were �1:4
(A�40) and�1:2 (A�42) at the lower compound concentration
and 5:4 (A�40) and 5:2 (A�42) at the higher compound concen-
tration. Control tubes with peptide alone received 0.5 ml of
buffer. Control tubes with compound alone received 0.5 ml
each of compound and buffer. The measured pH in all tubes
was identical, 7.4, within experimental error. The tubes were
incubated at 37 °C for 0–10 days without agitation. We note
that for each sample at each time point analyzed, aliquots used
for different experiments (see below) generally all came from
the same tube of A�, ensuring that valid correlations could be
made among the data thus produced.
ThT Fluorescence—Ten �l of sample was added to 190 �l of

ThT dissolved in 10mM phosphate buffer, pH 7.4, and then the
mixture was vortexed briefly. Fluorescence was determined
three times at intervals of 10 s using anHitachi F-4500 fluorom-
eter. Excitation and emission wavelengths were 450 and 482
nm, respectively. Sample fluorescence was determined by aver-
aging the three readings and subtracting the fluorescence of a
ThT blank.
CD Spectroscopy—CD spectra of A�:compound mixtures

were acquired immediately after sample preparation or follow-
ing 2, 3, 6, or 7 days of incubation. CD measurements were
made by removing a 200-�l aliquot from the reaction mixture,
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adding the aliquot to a 1-mm path length CD cuvette (Hellma,
Forest Hills, NY), and acquiring spectra in a J-810 spectropo-
larimeter (JASCO, Tokyo, Japan). The CD cuvettes were
maintained on ice prior to introduction into the spectrome-
ter. Following temperature equilibration, spectra were
recorded at 22 °C from �190–260 nm at 0.2 nm resolution
with a scan rate of 100 nm/min. Ten scans were acquired and
averaged for each sample. Raw data were manipulated by
smoothing and subtraction of buffer spectra according to the
manufacturer’s instructions.
Protofibril Formation—To study protofibril formation and

the effects of compounds on it, A� was incubated according to
the aggregation protocol above. Periodically during the 10-day
incubation period, solutions were centrifuged at 16,000 � g for
5min, and then 200�l of the supernatewas fractionated by SEC
at a flow rate of 0.5 ml/min on a Superdex 75 column (Amer-
sham Biosciences) attached to aWaters 515 HPLC pump and a
Waters 486 UV absorbance detector (Waters, Milford, MA),
essentially as described (26). Protofibrils were detected and
recovered at an elution time of �12 min by UV absorbance at
254 nm.
Electron Microscopy—A 10-�l aliquot of each sample was

spotted onto a glow-discharged, carbon-coated Formvar grid
(ElectronMicroscopy Sciences, Hatfield, PA) and incubated for
20min. The droplet thenwas displacedwith an equal volume of
2.5% (v/v) glutaraldehyde in water and incubated for an addi-
tional 5 min. Finally, the peptide was stained with 8 �l of 1%
(v/v) filtered (0.2�m) uranyl acetate in water (ElectronMicros-
copy Sciences). This solution was wicked off, and then the grid
was air-dried. Samples were examined using a JEOL CX100
transmission electron microscopy.
Chemical Cross-linking and Determination of Oligomer

Frequency Distributions—Immediately after their prepara-
tion, samples were cross-linked using PICUP, as described
(29). Briefly, to 18 �l of protein solution were added 1 �l of 1
mM tris(2,2�-bipyridyl)dichlororuthenium(II) (Ru(bpy)) and
1 �l of 20 mM ammonium persulfate. The final protein:
Ru(bpy):ammonium persulfate molar ratios of A�40 and
A�42 were 0.29:1:20 and 0.16:1:20, respectively. Themixture
was irradiated for 1 s with visible light, and then the reaction
was quenched with 10 �l of Tricine sample buffer (Invitro-
gen) containing 5% (v/v) �-mercaptoethanol. Determination
of the frequency distribution of monomers and oligomers
was accomplished using SDS-PAGE and silver staining, as
described (29). Briefly, 20 �l of each cross-linked sample was
electrophoresed on a 10–20% gradient Tricine gel and visu-
alized by silver staining (SilverXpress, Invitrogen). Non-
cross-linked samples were used as controls in each experi-
ment. To produce intensity profiles and calculate the relative
amounts of each oligomer type, densitometry was per-
formed, and One-Dscan software (v. 2.2.2; BD Biosciences
Bioimaging) was used to determine peak areas of baseline
corrected data. In some experiments, the molar amounts of
Ru(bpy) and ammonium persulfate were increased, relative
to peptide, by factors of 2, 5, 10, and 20.
Cell Culture—Rat pheochromocytoma PC12 cells were

cultured in 75-cm2 flasks (product number 430641, Corning
Inc., Corning, NY) in F-12K medium (ATCC, Manassas, VA)

containing 15% (v/v) horse serum, 2.5% (v/v) fetal bovine
serum, 100 units/ml penicillin, 0.1 mg/ml streptomycin and
25 �g/ml amphotericin B at 37 °C in an atmosphere of 5%
(v/v) CO2 in air. To prepare cells for assay, the medium was
removed, and the cells were washed once gently with F-12K
medium containing 0.5% (v/v) fetal bovine serum, 100
units/ml penicillin, 0.1 mg/ml streptomycin, and 25 �g/ml
amphotericin B. A cell suspension then was prepared by the
addition of this latter medium, but containing 100 �g/ml
nerve growth factor (Invitrogen), followed by agitation of the
flask. Cell concentration was determined using trypan blue
staining, after which cells were plated at a density of 30,000
cells/well (90 �l total volume/well) in 96-well assay plates
(Costar product number 3610, Corning Inc.). The nerve
growth factor-induced differentiation of the cells was
allowed to proceed for 48 h, at which point toxicity assays
were done.
Cytotoxicity Assays—Toxicity was assessed in twoways. Pep-

tides were preincubated with either 0 �M or 25 �M test com-
pound in 10 mM sodium phosphate, pH 7.4, at 37 °C for 0, 2, 3,
or 7 days prior to the addition of a 10-�l aliquot of the peptide:
compound mixture to the differentiated PC12 cells. Alterna-
tively, A� was incubated as described above but in the absence
of compound. In this case, the peptide solutions were mixed
with 0 or 25 �M test compound immediately before addition to
cells. Cell were treated for 24 hwith a final concentration of 0 or
�2 �M A� alone or with A� plus 2.5 �M compound. Peptide:
compound ratios of A�40 andA�42were 0.72 and 0.39, respec-
tively. In practice, the “zero time” samples for each alternative
experimental procedure were equivalent, as all components
were mixed with cells at the same time.
To determine toxicity, 15 �l of MTT solution (Promega,

Madison, WI) was added to each well of the microtiter plate,
and the plate was incubated in the CO2 incubator for an addi-
tional 3.5 h. The cells then were lysed by the addition of 100 �l
of solubilization solution (Promega, Madison, WI) followed by
overnight incubation. MTT reduction was assessed by meas-
uring absorption at 570 nm (corrected for background absorb-
ance at 630 nm) using a BioTek Synergy HT microplate reader
(BioTek Instruments, Winooski, VT). Controls included
medium with sodium phosphate (“negative”), fibrils (“posi-
tive”), and 1 �M staurosporine (“maximal positive”). Fibrillar
A�40 and A�42 were added to cells at final concentrations of
10 and 5 �M, respectively. The same fibril preparations were
used for all experiments and served to control interassay
variability. To enable interassay comparisons, toxicity
within each experiment was determined first. Six replicates
were done for each treatment group, and the data from three
independent experiments were combined and reported as
mean � S.E. percentage of toxicity

T � �� AA� � Amedium�/� Astaurosporine � Amedium�� � 100 (Eq. 1)

where AA�, Amedium, and Astaurosporine were absorbance values
from A�-containing samples, medium alone, or staurosporine
alone, respectively.
LDH activity was determined using the Promega (Madison,

WI) CytoTox-ONE homogeneous membrane integrity assay.
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To do so, peptide and peptide:
compound solutions prepared as
described above were incubated
with the cells for 48 h. One hundred
�l of LDH reagent then was added
to each well, and the plate was incu-
bated in the dark for 10 min, after
which 50 �l of stop solution was
added and the fluorescence was
measured using the BioTek Synergy
HT microplate reader with excita-
tion wavelength of 560 nm and
emission wavelength of 590 nm.
Controls included medium with
sodium phosphate (negative), fibrils
(positive), and lysis solution (maxi-
mal positive). Fibrillar A�40 and
A�42 were added to cells at final
concentrations of 10 and 5 �M,
respectively. Six replicates were
done for each treatment group, and
the data from four independent
experiments were combined and
reported as mean � S.E. The per-
centage of toxicity was calculated
according to the formula above,
except that the term Astaurosporine
was replaced with Alysis.
Statistical Analysis—One-way

factorial analysis of variance fol-
lowed by Bonferroni post hoc com-

parisons were used to determine statistical significance among
data sets. These tests were implemented within GraphPad
Prism software (version 4.0a, GraphPad Software, Inc., San
Diego, CA). Significance was defined as p 	 0.05.

RESULTS

Recent studies of neurological function, amyloid deposition,
and peptide aggregation in theTg2576 transgenicmousemodel
of AD have shown that red wine (15), and the GSPEMN (Fig. 1)
(17), inhibit formation of highmolecular weight SDS-stable A�
aggregates, amyloid deposition, and A�-induced neuronal dys-
function. In the following sections, we present results of studies
designed to elucidate themechanistic bases for these inhibitory
effects.
ThT Binding—Our first question was whether fibril forma-

tionwas affected byMN. To answer this question, we used ThT
to monitor temporal changes in �-sheet content in samples of
A�40 and A�42 in the absence or presence of MN. ThT fluo-
rescence is not a measure of fibril content per se, but because
�-sheet formation correlates with fibril formation, ThT fluo-
rescence is a useful surrogatemarker (30–32). The ThT studies
also allowed us to determine the kinetics of peptide assembly,
providing information on nucleation and elongation phases of
A� assembly. In these and subsequent experiments, we include
amediumalone control aswell as a control comprisingmedium
containing the compound NGA9–119 (Fig. 1). We include
NGA here as a negative control because, like MN, it is a poly-

FIGURE 1. Structures of MN and NGA. MN is water-soluble polyphenolic extract from Vitis vinifera grape seeds (17).
MN comprises catechin and epicatechin in monomeric (�8%), oligomeric (�75%), and polymeric (�17%) forms. The
structure of a typical MN component composed of catechin and epicatechin base units and their derivatives is shown.

FIGURE 2. ThT binding. A�40 (A and C) or A�42 (B and D) were incubated for
7 days at 37 °C in 10 mM phosphate, pH 7.4, in the presence of 0 (E), 5 (F), or
25 (‚) �M NGA (A and B) or MN (C and D). Periodically, aliquots were removed,
and ThT binding levels were determined. Binding is expressed as mean fluo-
rescence (in arbitrary fluorescence units (FU)) � S.E (error bars). Each figure
comprises data obtained in three independent experiments.
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cyclic compound and thus is more representative of the com-
position of the MN solution than is medium alone. However,
unlike MN, NGA has shown no activity in prior assays of A�
assembly.
In the absence of compounds, A�40 displayed a quasisigmoi-

dal binding curve characterized by an �2-day lag time, an
�3-day period of successively increasing ThT binding, and a
binding plateau occurring after�5 days (Fig. 2), results consist-
ent with the well known nucleation-dependent polymerization
model of A� assembly (33). When A�40 was incubated with
NGA, at a compound:peptide ratio of either 1:4 or 5:4, the bind-
ing curves were identical to that of the untreated peptide,
within experimental error (Fig. 2A). In contrast, significant
effects were produced by MN (Fig. 2C). These included MN
concentration-dependent increases in lag time, decreases

in �-sheet growth rates, and
decreased final �-sheet levels
(Table 1). Almost complete in-
hibition of A�40 assembly was
observed using the higher (25 �M)
MN concentration.
As with A�40, untreated A�42

and both NGA-treated samples
assembled identically, within exper-
imental error (Fig. 2B). Within the
time resolution of the assay, little
or no lag was observed in the devel-
opment of fluorescence, which
increased in a quasilinear manner
for 4 days and then remained con-
stant. When A�42 was incubated
with MN at a compound:peptide
ratio of 1:2, a 1-day lag was
observed, and maximal ThT bind-
ing, which occurred 1 day later, was
6-fold lower that of the untreated
peptide (Fig. 2D; Table 1). However,
at a compound:peptide ratio of 5:2,
no �-sheet formation was observed.
MN thus inhibited �-sheet forma-
tion by both A�40 and A�42 in a
concentration-dependent manner.
A� Assembly Morphology—EM

was used to determine themorphol-
ogies of the A�40 and A�42 assem-
blies when maximal ThT binding
was observed. Classical amyloid
fibrils were observed in samples of
untreated A�40 and A�42 (Fig. 3, A
and B, respectively). The A�40
fibrils were non-branched, helical
filaments with diameters of �7 nm
that exhibited a helical periodicity
of �220 nm. A�42 formed non-
branched filaments of �8 nm in
width and with varying degrees of
helicity. In addition, thicker,
straight, non-branched filaments of

FIGURE 3. A� assembly morphology. EM was used to determine the morphologies of assemblies of A�40
(A, C, E, and G) or A�42 (B, D, F, and H) incubated at 37 °C for 7 days in 10 mM sodium phosphate, pH 7.4. Peptides
were incubated in buffer alone (A and B) or in the presence of 25 �M NGA (C and D), 5 �M MN (E and F), or 25 �M

MN (G and H). White, quasicircular structures of diameter �10 –30 nm were seen in some samples. These do not
appear to be proteinaceous. Scale bars indicate 100 nm.

TABLE 1
Kinetics of A� assembly

Sample Lag timea Growth Rateb Maximum intensityc

days FU/day FU
A�40 1.6 6.1 20.7
A�40 
 5 �MNGA 1.6 6.1 20.2
A�40 
 25 �MNGA 1.6 5.4 19.5
A�40 
 5 �MMN 1.8 2.6 8.3
A�40 
 25 �MMN 2.4 0.8 2.5

A�42 0 2.5 13.5
A�42 
 5 �MNGA 0 2.5 13.5
A�42 
 25 �MNGA 0 2.3 13.1
A�42 
 5 �MMN 0 1.0 2.2
A�42 
 25 �MMN �7 0 1.0

a Lag time was defined as the point of intersection with the abscissa of the line
determined by the pseudo-linear portion of the fluorescence progress curve,
according to Evans et al. (53).

b Growth rate was determined by line fitting to the pseudo-linear segment of the
ascending portion of the fluorescence progress curve.

c Determined by visual inspection.
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�12-nm-wide width were seen. Seilheimer et al. (34) has
reported similar heterogeneity in the structure of A�42 fibrils
in vitro. The addition of NGA (here for the higher, 25 �M con-
centration) did not alter the assembly of either A�40 (Fig. 3C)
or A�42 (Fig. 3D). In contrast to the results with NGA, strong
inhibition of fibril assembly was observed in MN-treated sam-
ples at both concentrations of MN. At the lower (5 �M) MN
concentration, fibrils were seen that were thinner (4 versus 8
nm) than those formed by untreated A� (Fig. 3E). In addition,
numerous small, relatively amorphous aggregates were
observed. Treatment of A�40 with 25 �M MN markedly
reduced fibril number and increased the relative numbers of
short fibrils and amorphous aggregates (Fig. 3G). The effects of
MN on A�42 assembly were similar in that fibril number and
length were reduced greatly and the frequency of amorphous
aggregates increased (Fig. 3, F and H).
Protofibril Formation—The immediate precursors of fibrils

are protofibrils, short (	150 nm), flexible, narrow (�5 nm)
assemblies often appearing as beaded chains (26, 33). To deter-
mine whetherMN also affected protofibril formation, wemon-
itored this process using SEC. As expected, incubation of A�40
or A�42 in medium alone produced chromatograms contain-
ing two predominant peaks, one eluting at �12 min that con-
tains protofibrils and one eluting at �24 min that contains
LMWA� (Fig. 4A).
To enable quantitative comparisons of temporal changes

in protofibril content among samples, we integrated the
areas under the protofibril peaks and graphed them versus
time (Fig. 4, B and C). Untreated A�40 displayed a mono-
tonic increase in protofibril amount until plateau levels were
reached at�7 days (Fig. 4B).When A�40 was incubated with
NGA at a compound:peptide ratio of 5:4, protofibril forma-
tion occurred with a kinetics indistinguishable from that of
A�40 alone. In contrast, highly significant inhibition of pro-
tofibril formation was observed in the presence of MN. No
significant protofibril formation was observed during the
first 3 days of incubation. Thereafter, small increases in pro-
tofibril amount were observed until �6 days, at which point
the amount plateaued at a level �7-fold lower than that of
A� alone.

UntreatedA�42 andNGA-treated samples both formedpro-
tofibrils and did so with indistinguishable kinetics (Fig. 4C), a
kinetics very similar to that of A�40 protofibril formation (cf.
Fig. 4, B and C). MN almost completely blocked protofibril for-
mation. A slight time-dependent upward trend in protofibril
amount is visible (Fig. 4C), but no statistically significant differ-
ences in protofibril amount were found, relative to the amount
at t � 0, at any later time points. The slightly greater inhibitory
effect ofMNonA�42 likely is due to the lower starting concen-
tration of this A� alloform,which resulted in an increased com-
pound:peptide ratio.
To determine the morphologies of the assemblies present

following A� incubations with or without compounds, we
examined samples after 10 days of incubation using EM.
Untreated A�40 (Fig. 5A) and A�42 (Fig. 5B) produced
short, relatively narrow (�7–8 nm) structures displaying
periodic substructure reminiscent of “sausage links” or
beaded strings, consistent with protofibril morphology (26,

FIGURE 4. Protofibril formation. A� peptides were incubated alone (E) or in
the presence of 25 �M NGA (F) or 25 �M MN (‚). Periodically during incuba-
tion, aliquots were analyzed by SEC to quantify protofibril formation. A, SEC of
A�42 incubated alone at 37 °C for 10 days reveals a prominent protofibril
peak eluting at �12 min, along with a LMW A� peak at �24 min. mAU, milli-
absorbance units. Similar chromatograms were obtained for A�40. The areas
under the protofibril peaks (see A) were integrated to determine temporal
changes in protofibril amounts in samples containing A�40 (B) or A�42 (C).
Areas are expressed as mean area � S.E (error bars). Each figure comprises
data obtained in three independent experiments.
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33). Similar structures were observed in samples that had
been treated with NGA (Fig. 5, C and D). However, grids of
A�40 or A�42 samples treated with MN contained few
structures, and these structures were composed of fewer
subunits than were structures formed in the presence of
NGA or in the absence of added compounds (cf. Fig. 5, A–D
with Fig. 5, E and F). In conclusion, these data show that MN
strongly inhibits protofibril formation and that this inhibi-
tion is greatest with A�42.
A� Oligomerization—We next determined whether MN

blocked protofibril formation by low order A� oligomers or
whether oligomerization itself was blocked. To do so, we used
PICUP, a photochemical cross-linking method that is rapid,
efficient, requires no structural modification of A�, and accu-
rately reveals the oligomerization state of A� (for a review, see
Ref. 35). In the absence of cross-linking, only A�40 mono-
mers (Fig. 6A, lane 2) and A�42 monomers and trimers (Fig.
6B, lane 2) were observed. The A�42 trimer band has been
shown to be an SDS-induced artifact (28, 36). Following
cross-linking, and as reported previously (28), A�40 existed

as a mixture of monomers and oli-
gomers of orders 2–4 (Fig. 6A,
lane 3), whereas A�42 comprised
monomers and oligomers of orders
2–6 (Fig. 6B, lane 3).
The oligomerization of A�40 and

A�42 in the presence of NGA pro-
duced oligomer distributions indis-
tinguishable from those of each
peptide alone (Fig. 6, A and B, lanes
4). Increasing the compound:pep-
tide ratio 10-fold did not alter the
distribution significantly (Fig. 6, A
and B, lanes 5).

When MN was mixed with A�40
at a compound:peptide ratio of
�5:4, oligomerization was blocked
almost completely (Fig. 6A, lane 6).
A trimer band was just visible, and
the dimer intensity was very low.
Increasing the compound:peptide
ratio 10-fold produced similar levels
of inhibition (Fig. 6A, lane 7). The
effect of MN on A�42 oligomeriza-
tion was equally significant (Fig.
6B). At compound:peptide ratios of
�5:2, MN produced oligomer dis-
tributions almost identical to those
of untreated A�42, consistent with
an essentially complete inhibition of
oligomerization (Fig. 6B, cf. lanes 6
(treated) and lanes 2 (untreated)).
Increasing the compound:peptide
ratio 10-fold produced similar levels
of inhibition (Fig. 6B, lane 7). The
reader should note, as discussed
above, that dissociated A�42 pro-
duces both prominent monomer

and trimer bands, whereas dissociated A�40 produces only
monomer bands. These data show that MN can almost com-
pletely inhibit A� oligomerization at compound:peptide ratios
of �5:2 or lower.
Formally, it was possible that the strong inhibition of A�

oligomerization could have resulted from an effect of the inhib-
itor on the PICUP chemistry itself. To evaluate this possibility,
cross-linking reactions were also performed on GST (�26
kDa), a positive control for the cross-linking chemistry (37).
Uncross-linkedGST exhibited an intensemonomer band and a
relatively faint dimer band (Fig. 6C, lane 2). Cross-linking pro-
duced an intense dimer band, expected becauseGST exists nor-
mally as a homodimer, as well as higher-order cross-linked spe-
cies. No alterations in GST cross-linking were observed in the
presence of NGA at either of the two compound:protein ratios
tested, 1:1 (Fig. 6C, lane 4) or 10:1 (Fig. 6C, lane 5). A qualita-
tively similar distribution was observed with MN at a 1:1 ratio
(Fig. 6C, lane 6). A significant MN effect on GST oligomeriza-
tion was observed only at a 10:1 ratio, which was 4–8 times
higher than the highest concentration ratio used in experi-

FIGURE 5. Protofibril morphology. EM was used to determine the morphologies of protofibrils obtained by
SEC following incubation of A�40 (A, C, and E) or A�42 (B, D, and F) at 37 °C for 10 days in 10 mM sodium
phosphate, pH 7.4. Peptides were incubated in buffer alone (A and B) or in the presence of 25 �M NGA (C and D)
or 25 �M MN (E and F). Scale bars indicate 100 nm.
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ments with A�. This effect may have been due to direct com-
pound:GST effects or to effects on the chemistry. However, a
chemistry effect cannot explain the strong inhibition of A�40
and A�42 oligomerization and the lack of strong inhibition of
GST oligomerization, seen in Fig. 6, lanes 6 (nor inhibitory
activity in other assays (see below)).We thus conclude thatMN
potently inhibited both A�40 and A�42 oligomerization.
A� Secondary Structure Dynamics—The oligomerization

studies revealed effects of MN at the initial stages of peptide
self-association. To probe the secondary structure of A� at this
stage and to determine whether MN affected later conforma-
tional properties of the peptide monomer or its oligomers, CD
was used tomonitor peptide assembly (Fig. 7). A�40 and A�42,
incubated alone, produced initial spectra characteristic of sta-
tistical coils (Fig. 7,A and B). Themajor feature of these spectra
was a large magnitude minimum centered at �198 nm. A sig-
nificant conformational transition occurred during the subse-
quent 3 days, producing a population comprisingmixed�-helix
and �-sheet conformers. Similar conformational transitions
were observed in populations of A�40 and A�42 in the pres-
ence of NGA (Fig. 7, C and D). No such transitions were
observed in the presence of MN (Fig. 7, E and F). All spectra of
MN-treated A�40 and A�42 revealed populations of conform-
ers that were largely statistical coil.
We note that some variation in the absolute values of the

molar ellipticities is observed among experiments. However,
the inhibition of conformational changes in A� by MN always
was essentially complete and that of NGA was minimal or not
observable. We also note that MN itself produces a CD spec-
trum (supplemental Fig. S1) with a minimum at �202. The
magnitude of this ellipticity does not exceed 10% of that of A�
itself. The spectrum of NGA was essentially the same as buffer
alone (supplemental Fig. S1).
Effect of Compounds onA�-mediatedCellular Toxicity—The

ability of MN to inhibit A� assembly suggested that it might be
useful in blocking A�-mediated cellular toxicity. To address
this question, we used differentiated PC12 cells to perform
MTT assays (38, 39) to probe cellular metabolism and assayed
extracellular LDH activity to quantify cell death. The experi-
mental design comprised two protocols: 1) incubating A� with
compound for various times prior to addition to cells (Fig. 8, A
and B); and 2) incubating A� without compound for various
times and then mixing the compound with the A� just prior to
addition to cells (Fig. 8,C andD). The former protocol sought to
determine whether pretreatment of A�, which from our previ-
ous results should prevent peptide assembly almost entirely,
blocked A� toxicity. The latter protocol sought to determine
whether compounds could block the toxicity caused by pre-
formed A� assemblies by binding to these assemblies and pre-
venting their interaction with cell surface receptors. Once cells
were exposed to the A�:compound mixtures, all assays pro-
ceeded in the samemanner and the data were normalized using
results from cells treated with A� fibrils, a positive control (see
“Experimental Procedures”).
Previous experiments have shown that A� fibrils tested in

short incubation time assays aremore toxic thanLMWA� (40).
Consistent with this finding, when A�40 was prepared and
added immediately to cells, its toxicitywas�20% that produced

FIGURE 6. A� oligomerization. PICUP, followed by SDS-PAGE and silver
staining, was used to determine the effects of MN or NGA on oligomerization
of A�40 (A), A�42 (B), or GST (C). Lanes 1, molecular weight markers; lanes 2,
proteins alone (no cross-linking); lanes 3, proteins alone; lanes 4, proteins plus
NGA (25 �M); lanes 5, proteins plus NGA (250 �M); lanes 6, proteins plus MN (25
�M); and lanes 7, protein plus MN (250 �M). Each gel is representative of each
of three independent experiments.
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by fibrils (Fig. 8A). A�40 treatedwithNGAwas equally toxic. In
contrast, MN eliminated any A�40 toxicity. Incubation of
A�40 for 3 days, during which time oligomers, protofibrils, and
fibrils form, produced a population that was significantly more
toxic. Both untreated A�40 and NGA-treated A�40 were
�60% toxic. Treatment of A�40 withMN reduced this toxicity
to 	10%, which was a highly significant reduction relative to
A�40 alone (p 	 0.01). The same qualitative relationships
among the three experimental groups were observed after 7
days of incubation. Both untreated A�40 and NGA-treated
A�40 were �35–40% toxic, whereas MN-treated A�40 was
	10% toxic (p 	 0.01).

Similar observations were made in experiments with A�42
(Fig. 8B). Untreated and NGA-treated A�42 displayed similar
toxicity levels at all three time points, although A�42 treated
with NGA and immediately added to cells trended (non-signif-

icantly) toward modestly lower tox-
icity. MN treatment reduced A�42
toxicity substantially. Contempora-
neous treatment eliminated toxic-
ity, as with A�40, and toxicity levels
were 75.7% (p 	 0.01) and 77.1%
(p 	 0.01) lower at days 2 and 7,
respectively.
To determine whether com-

pounds might affect A�-induced
toxicity after peptide assembly was
allowed to proceed, NGA or MN
were mixed with A�40 or A�42
after the peptides had been incu-
bated alone for various periods of
time and just before addition to
cells. The data thus obtained for
A�40 (Fig. 8C) were very similar to
those obtained by pretreatment
(Fig. 8A). At all three incubation
times, untreated and NGA-treated
peptide yielded similar toxicity lev-
els, and MN-treated peptide was
either non-toxic (0 days) or substan-
tially (64.4% (2 days) or 79.2% (7
days)) and significantly (p 	 0.01)
less toxic. Qualitatively similar
results were obtained in studies of
A�42 (Fig. 8D), except that modest
(14.5–17.7%) decreases of toxicity
were observed in the presence of
NGA at all three time points. No
toxicity was observedwhenMNwas
mixed with A�42 and added to cells
contemporaneously. Significant
(p	 0.01) decreases in toxicity were
observed in MN samples treated
after incubation for 2 days (38.9%)
or 7 days (69.8%). The former
decrease was substantially lower
than that observed in the pretreated
sample (75.7%), whereas the latter

decrease was the same within experimental error. In summary,
for bothA�40 andA�42, and for peptides that were orwere not
preincubated with compounds, MN was a highly effective
inhibitor of A�-induced toxicity.

We next examined the effects of compounds in the LDH assay
for cell death. When A�40 was prepared and added immediately
to cells, it was toxic, and the toxicity was �40% that of fibrils (Fig.
9A).NGA-treatedA�40wasequally toxic,whereasMNtreatment
decreased toxicity by �61%. A�40 preincubated for 3 days was
significantly more toxic than freshly prepared A�. The toxicity of
untreated and NGA-treated A�40 was equal. Treatment of A�40
withMNsignificantly (p	0.01) reduced this toxicity (�37%).The
same qualitative relationships among the three experimental
groups were observed after 7 days of incubation.
Similar observations were made in experiments with

untreated or pretreated A�42 (Fig. 9B). Untreated and NGA-

FIGURE 7. A� secondary structure dynamics. A�40 (A, C, and E) or A�42 (B, D, and F) were incubated at 37 °C
for 7 days in 10 mM phosphate, pH 7.4, in buffer alone (A and B) or in the presence of 25 �M NGA (C and D) or 25
�M MN (E and F). Spectra were acquired immediately at the start of the incubation period, day zero (E), and
after days 2 (�), 3 (�), 6 (f), and 7 (�). The spectra presented at each time are representative of those obtained
during each of three independent experiments.
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treated A�42 displayed similar toxicity levels at all three time
points, and MN treatment reduced toxicity significantly (p 	
0.05 (0 days), p 	 0.01 (2 days), and p 	 0.01 (7 days)). To
determine whether compounds might affect A�-induced cell
lysis after peptide assembly was allowed to proceed, NGA or
MN was mixed with A�40 or A�42 following incubation but
just before addition to cells. The data thus obtained for A�40
(Fig. 9C) were very similar to those obtained by pretreatment
(Fig. 9A). At all three incubation times, untreated and NGA-
treated peptide yielded similar toxicity levels, and MN-treated
peptide was significantly (p 	 0.05 (0 days), p 	 0.01 (3 days),
p 	 0.01 (7 days)) less toxic. Similar results were obtained in
studies of A�42 (Fig. 9D). In summary, for both A�40 and
A�42, and for peptides that were orwere not preincubatedwith
compounds,MNwas a highly effective inhibitor of A�-induced
cell lysis.

DISCUSSION

Polyphenols comprise a chemical class with over 8000mem-
bers, many of which are found in high concentrations in wine,

tea, nuts, berries, cocoa, and other
plants (41). A substantial body of
evidence suggests that polyphenols
may have utility as inhibitors of
fibril formation by a variety of amy-
loidogenic proteins (41). We have
reported that wine-related polyphe-
nols are effective inhibitors of A�40
and A�42 fibrillogenesis and that
these compounds could destabilize
preformed A� aggregates (23, 24).
Most recently, we reported that a
GSPE, namely MN, attenuated AD-
type cognitive deterioration and
reduced high molecular weight
soluble oligomeric A� in the
brains of Tg2576 mice (17). We
sought here to examine more
deeply the mechanism of inhibi-
tion, a goal critical to accelerating
knowledge-based strategies for
inhibitor targeting and design.
We began by studying fibril for-

mation in parallel with assessing
assembly �-sheet content. EM and
ThT experiments revealed that
MN strongly inhibited �-sheet
and fibril formation by A�40 and
A�42. Working backwards sys-
tematically along the A� assembly
pathway, we found that MN also
was a highly effective inhibitor of
protofibril formation and peptide
oligomerization.
Early A� structure:activity stud-

ies showed that aggregation corre-
lated positively with cellular toxicity
and that disaggregation correlated

negatively (42). Subsequent studies have sought to establish the
relative importance of different types of A� assemblies in dis-
ease pathogenesis (43). For example, protofibrils have been
linked to anArctic formofAD (44). The ability ofMN to inhibit
both fibril and protofibril formation suggests that it may be of
value for therapeutic strategies targeting these two assembly
types.
Most recently, new studies have revealed that low order oli-

gomeric forms of A�42 are particularly toxic (2, 43, 45, 46).
Dahlgren et al. (47) have shown that A�42 oligomers are signif-
icantlymore toxic than are the homologous peptidemonomers
or fibrils. Consistent with this result, substantial synaptotoxic-
ity has been observed in transgenic mice expressing high levels
of A�42 but displaying no significant amyloid plaque pathology
(48). More surprising, relative to the original amyloid cascade
hypothesis (49), are recent data in transgenic animal models of
AD that show that facilitating fibril formation is beneficial (4).
The ability ofMN to block formation of loworderA�oligomers
suggests that it might also be of value for targeting what some
have argued are the proximate neurotoxins in AD (2, 5, 43).

FIGURE 8. MTT metabolism. A�40 (A and C) or A�42 (B and D) were incubated in 10 mM sodium phosphate, pH
7.4, at 37 °C for 0, 2 (A�42), or 3 (A�40), and 7 days prior to addition to differentiated PC12 cells. In one set of
experiments (A and B), the peptides were co-incubated with NGA or MN prior to addition to cells (pre-incuba-
tion). In a second set of experiments (C and D), NGA or MN were mixed with the peptides following the
incubations (post-incubation) and immediately prior to addition to cells. Effects of untreated (closed bars),
NGA-treated (cross-hatched bars), and MN-treated (open bars) A� on cell metabolism were determined fluoro-
metrically using MTT (see “Experimental Procedures”) 24 h after peptide addition. A�40 or A�42 fibrils were
used as a positive control and to provide a means for normalization of data among experiments. Data are
presented as toxicity relative to fibrils, Tr, according to the formula Tr � Tsample/Tfibrils, where Tsample and Tfibrils
are the percentage of toxicity in samples and the fibril controls, respectively (see “Experimental Procedures”).
Tr is presented as mean � S.E. (error bars). Statistical significance among groups was determined using one-way
fractional analysis of variance and multiple comparison tests. Differences reaching statistical significance are
noted by line segments between samples, along with their associated p values, where * signifies p 	 0.05 and **
signifies p 	 0.01. Multiple comparisons show differences between buffer and MN and between NGA and MN.
Unless noted, no significant differences were observed between buffer and NGA.
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Our CD studies, in concert with ThT experiments, showed
thatMNproduced a conformer population comprising primar-
ily statistical coils. Whether MN stabilizes unfolded A� con-
formers or destabilizes folded conformers or oligomeric or
fibrillar assemblies cannot be ascertained from the data extant.
However, the consequences ofMN treatment in the A� system
do appear to differ from those observed in certain other inhibi-
tor:amyloid protein systems. For example, Zhu et al. (50)
reported that the flavonoid baicalein stabilized a partially
folded conformer of �-synuclein that existed within oligomeric
assemblies. Conway et al. (51) showed that dopamine or levo-
dopa inhibits the fibrillization of �-synuclein filaments, pre-
sumably through stabilization of �-synuclein into protofibrillar
structures unable to form fibrils. Taniguchi et al. (52) reported
the formation of tau oligomers in the presence of phenothia-
zines, polyphenols, or porphyrins. In each of these cases, the
inhibitors stabilized oligomeric states in which the respective
protein maintained at least a partial fold. For A�, this type of
inhibitor activity could produce peptide populations of
enhanced toxicity, if the “oligomer cascade” hypothesis is true
(43). The ability of MN to block A� monomer folding and,
especially, oligomerization thus is a particularly important
aspect of its mechanism of action.
The most important biological consequence of A� self-asso-

ciation is the production of neurotoxic assemblies. In the work
reported here, assemblies of A�40 andA�42 that were added to
cultures of differentiated PC12 cells caused significant cellular
damage, as measured by effects on MTT metabolism and

release of LDH through cytolysis.
MN substantially reduced these
toxic effects in two different experi-
mental systems: 1) pretreatment of
A� during assembly; or 2) the con-
temporaneous addition of MN and
preassembled peptides to cells.
Interpretation of the results in the

first system is straightforward; if A�
cannot assemble, it cannot be toxic.
In the second system, we speculate
that three phenomena may operate:
1) complexation of A� assemblies
with MN may block binding of the
assembly to the cell surface; 2) MN
may disassemble the pre-existing
assemblies; and 3) MN may have
effects on cellular redox chemistry.
Our experiments do not address
these possibilities directly. How-
ever, prior work has shown that
polyphenols can dissociate pre-
formed fibrils and exhibit substan-
tial anti-oxidant activity (23, 24).
In conclusion, our demonstration

here of the potent inhibitory effects
of MN on A� assembly, coupled
with evidence that dietary supple-
mentationwithMNattenuatedAD-
type cognitive deterioration and

reduced cerebral amyloid deposition in a transgenic ADmouse
model (17), suggest that MN is worthy of consideration as a
therapeutic agent for AD.
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