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Abstract—Polymerization of the amyloid b-peptide (Ab) has been identified as one of the major characteristics of Alzheimer’s dis-
ease (AD). Thus, finding molecules to prevent the aggregation of Ab could be of therapeutic value in AD. We describe an original
routine in vitro assay to search for inhibitors of Ab(25–35) fibril formation which uses UV–visible measurements and electron
microscopy (EM). In particular, this routine assay was used to examine the effects of stilbenes, a well-known polyphenol class,
as inhibitors of Ab fibril formation. The inhibitory properties of resveratrol (RES), piceid (PIC), resveratrol diglucoside (DIG),
piceatannol (PIA), astringine (AST), and viniferin (VIN) were characterized and compared. RES and PIC effectively and dose-
dependently inhibited Ab polymerization while other polyphenols exerted less inhibition. Although the mechanism of anti-amyloi-
dogenic activity is still unknown, these results support the hypothesis that stilbenes could be of therapeutic value in AD.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Alzheimer’s disease (AD) is a progressive neurodegener-
ative disorder which is a cause of dementia in the aged
population.1–3 The decline in cognition and memory is
accompanied by different pathological signals with pro-
gressive deposition of senile plaques and neurofibrillary
tangles leading to neuronal degeneration.4 One of the
characteristics of AD is the accumulation of extracellu-
lar amyloid-b peptide (Ab) derived from the transmem-
brane glycoprotein b-amyloid precursor protein (bAPP)
via a proteolytic cleavage. Two proteases, b- and c-se-
cretase, can cleave bAPP.5 Unlike a-secretase which
cleaves APP into non-toxic amyloid APPa, b-secretase
gives rise to toxic amyloid Ab.6,7 The two predominant
Ab peptide variants are constituted by 40 or 42 amino
acids.8 They promote pro-inflammatory responses and
activate neurotoxic pathways, leading to dysfunction
and death of brain cells.9 Studies have demonstrated
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that when aggregated in fibrillar form, Ab has neurotox-
ic effects in cell culture and in vivo.3,4,10–12 Moreover,
others reports suggest that the toxicity lies in soluble
oligomeric intermediates rather than in the insoluble fi-
brils that accumulate.13–20 Thus, finding molecules to
prevent the aggregation of Ab could be of therapeutic
value in AD. Consequently, the discovery of substances
by employing simple and reliable in vitro assays could be
promising.

Since Renaud et al.’s study on the French paradox,
polyphenols have received much attention.21 Polyphe-
nols are natural substances present in beverages ob-
tained from plants, fruits, and vegetables such as olive
oil, red wine, and tea. They are known to have wide-
ranging properties on health as an antioxidant effect22,23

and for preventing various diseases like carcinogenesis24

and AD.25 Moreover, one of the major properties of
polyphenols is that they interact with peptides and
proteins.26–30 Such interactions might be important at
the biological level in general28,29,31–33 and particularly
in AD. Recent studies have shown that polyphenols
like curcumin have potent anti-amyloidogenic activities
in vitro34,35 and in vivo.36
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In this study, we describe an original routine in vitro as-
say to search for inhibitors of Ab fibril formation which
uses UV–visible measurements and electron microscopy
(EM). We used the Ab25–35 amino-acid peptide
(Ab25–35) that preserves the properties of neurotoxicity
and aggregation.37,38 The effects of stilbenes as inhibi-
tors of Ab fibril formation were examined. Among the
various groups of polyphenols,25 stilbenes are particu-
larly interesting because these molecules are known
for their biological activities and potent peptide-binding
effects.26,28,29,32,39 Moreover, recent studies have
shown that resveratrol which belongs to this group
had protective effect of PC12 cells from b-amyloid
toxicity.40,41
2. Results

2.1. b-amyloid polymerization

First, to evaluate the sensitivity limits, absorption mea-
surements were performed with different final concentra-
tions in peptide: 10, 50, 100, and 200 lM. The Ab25–35

concentrations 100 and 200 lM showed very good
reproducibility of measurements (see below the error
bars in Figs. 1, 2, and 4). At 50 lM the reproducibility
decreased and it was lost at 10 lM. Thus, 100 lM was
chosen as working concentration.

To find the optimal incubation temperature, absorption
measurements were performed at 15 and 37 �C. Both
polymerization kinetics of Ab led to the same equilibrium
but incubation at 37 �C led to equilibrium much more
rapidly than at 15 �C (data not shown). Moreover, a
low evaporation was observed in the samples incubated
at 37 �C which could have led to measurement errors.
Thus, to avoid a too fast kinetic and to prevent sample
evaporation, all kinetics were measured at 15 �C.
Figure 1. Absorbance spectra of Ab versus time at 15 �C. Reaction

mixture containing 100 lM of Ab25–35, 10 mM phosphate buffer, pH

7.2, and 10 lM MeOH. The inset presents a recording every 10 min at

200 nm to show the typical lag phase required for nucleation. For

clarity, only standard deviations (SD for three independent experi-

ments) for points at 30 min are represented.
As shown in Figure 1 (for clarity only seven spectra are
presented), the Ab25–35 absorption spectra presented a
maximum at 200 nm, this wavelength corresponding to
the absorption of the peptide bond.42 In the inset, we
present a recording every 10 min to show the typical
lag phase required for nucleation. The sigmoidal curve
is consistent with the nucleation-dependent polymeriza-
tion model.43 The nucleation time varied between 30
and 50 min according to the prepared samples. The
absorption maximum decreased as incubation times in-
creased from 0 to 4–5 h, finally leading to equilibrium
after 4–5 h, according to the prepared samples. The
absorption decrease was likely due to the peptide
bond hidden in the macromolecular structures (see
Section 3).

To verify this hypothesis, the kinetics of Ab25–35 and
bradykinin (BK) were compared because BK which is
a nonapeptide does not aggregate.44 Figure 2A shows
the incubation kinetics of Ab25–35 and BK at 200 nm.
For ease of comparison, the initial absorbance of BK
and that of Ab25–35 are aligned. Whereas BK signal
was constant, the Ab25–35 curve decreased and led to
Figure 2. (A) Comparison of OD variations between bradykinin (BK)

and Ab25–35 at 200 nm according to time. Reactions mixtures

containing 10 mM phosphate buffer, 10 lL MeOH, pH 7.2, and

100 lM Ab25–35 or 100 lM BK were incubated at 15 �C for 7 h. For

ease of comparison, the initial absorbance of BK and that of Ab25–35

are aligned. (B) Comparison of OD variations at 200 and 340 nm in

experimental turbidity conditions (see text). Means and SD of three

independent experiments are shown.



Figure 3. Electron micrographs of fibrils of Ab25–35 alone. (A) The bar represents 5 lm. (B) The bar represents 500 nm.

Figure 4. Curcumin (CUR) effects on the kinetics of Ab25–35 polymer-

ization measured at 200 nm. Reactional mixtures containing 100 lM

of Ab25–35, 10 mM phosphate buffer, pH 7.2, and 10 lM MeOH with 0

(j), 10 lM (D) or 20 lM (·) of CUR were incubated at 15 �C for 8 h.

Means and SD of three independent experiments are shown.

Table 1. EC50 of curcumin (CUR), resveratrol (RES), and piceid (PIC)

for formation inhibition of Ab25–35 fibrils

Polyphenols EC50 (lM)

Curcumin 10.0

Resveratrol 5.6

Piceid 4.7

EC50 defined as the concentrations of CUR, PIC or RES to inhibit the

formation Ab25–35 fibrils to 50% of the control value. EC50 was cal-

culated by sigmoidal curve fitting of the data. Reaction mixtures

containing 100 lM of Ab25–35, 10 mM phosphate buffer, pH 7.2,

10 lM MeOH, and 0, 0.1, 1, 10, and 50 lM CUR, PIC, or RES were

incubated at 15 �C for 6 h.
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an equilibrium. Thus, Ab fibril formation involved a
decrease of the maximum signal at 200 nm in the
absorption spectrum.

To confirm that the decrease in signal at 200 nm was
correlated to the aggregate formation, we performed
classical turbidity measurements at 350 nm.45 Since
measuring turbidity is a less sensitive method, the final
concentration of Ab25–35 was 0.5 mM for both wave-
lengths. Figure 2B shows the good correlation between
both methods with a correlation coefficient equal to
0.987. Therefore, the polymerization kinetic of Ab25–35

can be monitored by absorption measurements at
200 nm, thus allowing lower concentrations of amyloid
fragment and polyphenols to be used.

To observe Ab25–35 fibrils in our conditions, electron
microscopic studies were performed. After incubation
of Ab25–35 at 15 �C, clear fibril extension was observed
(Fig. 3A and B).

2.2. Curcumin inhibitory assays as control

Curcumin (CUR) was used as a reliable reference be-
cause this anti-amyloidogenic polyphenol was studied
by Ono et al. in other experimental conditions.35 The
effects of CUR on the Ab incubation were studied un-
der the same conditions of temperature (15 �C) and
measurement as above. For example, comparison
of Ab25–35 incubation kinetics with and without 10
and 20 lM CUR showed an increase in the final
equilibrium level (Fig. 4). Thus CUR induced the inhi-
bition of fibril formation, as demonstrated by Ono
et al.35

In all cases, Ab25–35 polymerization led to a plateau 5 h
after incubation. Thus, to verify the dose-dependent
inhibition of Ab fibril formation by CUR, the relative
absorbance variation (DA) at 6 h after incubation was
measured. The CUR inhibition percentages on Ab fibril
formation (I%) were calculated as follows:
I% ¼ DAcontrol � DA
DAcontrol

� 100

The inhibition percentages of Ab fibril formation in-
creased when the CUR concentration increased, induc-
ing a dose-dependent effect. On the basis of these data,
the EC50 value calculated for CUR was 10 lM
(Table 1), a value one order of magnitude greater than
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that already reported.35 This could be due to a difference
in the Ab fragment used in this work and in Ono et al.
study and/or to a difference in the techniques used to de-
tect the polyphenol inhibitory effect (see Section 3).

2.3. Stilbene effects on Ab25–35 polymerization

To evaluate the effects of polyphenols, the inhibition
percentages of Ab fibril formation due to various poly-
phenols were compared to that of CUR (10 lM) as con-
trol. We chose the concentration 10 lM because this
value was the EC50 of CUR in our experimental condi-
tions (Fig. 5). On the one hand, ellagic acid (EA) did not
inhibit Ab fibril formation so it could be used as nega-
tive control. However, resveratrol (RES) and its monog-
lucoside (piceid, PIC) exerted a potent inhibitory effect
on Ab fibril formation which was greater than that of
CUR. On the other hand, catechin (CAT), piceatannol
Figure 6. Electron micrographs of Ab25–35 after the end of RES inhibitory act

500 nm. CUR inhibitory effect showed the same electron micrographs.

Figure 5. Polyphenol Ab25–35 fibril inhibition compared to that of

CUR. Reaction mixtures containing 100 lM Ab25–35, 10 mM phos-

phate buffer, pH 7.2, and 10 lL MeOH with 10 lM CUR, CAT, EA,

RES, PIC, DIG, VIN, PIA, or AST were incubated at 15 �C. Means

and SD of three independent experiments are shown. *Significantly

different from the CUR inhibitory effect (p < 0.05).
(PIA), astringin (AST), resveratrol diglucoside (DIG),
and resveratrol dimer (viniferin, VIN) had less signifi-
cant inhibitory activities. Therefore, the anti-amyloido-
genic activity of the molecules studied is in the
following order: RES � PIC > CUR > DIG � AST �
VIN � PIA � CAT > EA.

To reinforce these results, the EC50 of RES and PIC
were calculated (Table 1). Table 1 shows that both poly-
phenols had a greater inhibitory activity on fibril forma-
tion (about twofold) than CUR. For example, during
incubation of Ab in the presence of 10 lM resveratrol
(Fig. 6), only small bulk aggregates were visible and
no characteristic Ab fibrils were observed in the electron
micrographs. Thus, resveratrol completely inhibited Ab
fibril formation (Fig. 7).
3. Discussion

The formation of insoluble Ab deposits in the brain is a
pathological hallmark of AD. If the hypothesis that the
neurotoxicity of Ab is mediated by amyloid fibril forma-
tion is correct,3,4,10–12 inhibition of Ab fibril formation
might slow progression or prevent the disease. However,
more recent studies have shown that fibrils are not the
only neurotoxic structures and that Ab also assembles
into soluble forms like small oligomers and protofibrils,
which could be responsible for neurotoxicity.13–20 Thus,
screening for compounds that reduce Ab oligomeriza-
tion or fibrillization could be discrete targets for treat-
ment, as suggested by Selkoe.3

In this report we propose an original method based on
peptide bond absorbance measurement by UV–visible
spectrometry to screen compounds that might prevent
fibril formation. Our results show that fibril formation
involves a decrease in peptide bond absorbance that
might be due to the screen formed on the peptide
bond during Ab fibril polymerization and the gradual
ivity measurements (A) The bar represents 5 lm. (B) The bar represents



Figure 7. Polyphenol structures.
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decrease in the free Ab concentration. Thus, measuring
peptide bond absorbance allows the direct monitoring of
fibril formation by simple and reliable in vitro assays.
However, are the anti-fibrillization effects observed here
related to the anti-neurotoxic effect? Studies have shown
that the neurotoxic effect could also be due to soluble
oligomers. Two explanations can be given for this. First,
the molecular association leading to macromolecular
structures like fibrils involves a burying of the peptide
bond in the core of these structures,46,47 and thus the
UV–visible absorbance decrease. The soluble oligomers
which include spherical particles of 2.7–4.2 nm in diam-
eter and protofibrils20,48 are also macromolecular forms
and likely have the same behavior as fibrils in relation to
UV absorbance. Second, in a recent work, resveratrol
protected PC12 cells against the apoptosis caused by
Ab, a result in agreement with our in vitro test (see be-
low).41 Moreover, a recent study showed that Ab fibrils
contain an intrinsic toxicity which is correlated with
their morphology.47 In conclusion, measuring peptide
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bond absorbance provides a simple and reliable in vitro
assay for monitoring fibril inhibition, without recourse
to an intermediate like thioflavin T as in fluorescence
measurements.49

To verify whether our methodology allows the identifi-
cation of fibril inhibitors, the inhibitory properties of
CUR on fibril formation were evaluated because a re-
cent study using fluorescence spectroscopy indicated
that CUR inhibits fibril aggregation.35 In agreement
with that finding, CUR dose-dependently inhibited fibril
formation in our experimental conditions. Nevertheless,
the Ec50 value calculated for CUR was one order of
magnitude greater than that in Ono’s work. There could
be two reasons for this. First, for reasons of cost we used
the Ab25–35 fragment, which is known to preserve the
properties of neurotoxicity and aggregation,37,38

whereas Ono et al. used the 1–40 and 1–42 fragments.
Second, those authors investigated inhibition by indirect
measurement of thioflavin T fluorescence.

Recent epidemiological studies performed in a relative-
ly large cohort suggest that the moderate consumption
of red wine, which contains a high amount of polyphe-
nols, appears to be associated with a diminished risk of
macular degeneration, AD, cognitive deficits, and cere-
bral infarction.50–52 The affinity of polyphenols for
peptides and proteins could provide a possible explana-
tion for these observations. Moreover, resveratrol, a
representative member of the stilbene group, could pro-
tect PC12 cells against the apoptosis caused by Ab,40,41

even though the findings in those papers were contra-
dictory concerning the protective effect of polyphenol
as tested with the fragment Ab25–35. Indeed, Ab toxic-
ity leads to a decrease in tetrazolium redox dye (MTT
test) and the inhibition of MTT reduction was ob-
served with Ab1–41 and b25–35 in both studies. Conte
et al. noted no protection by RES with regard to the
inhibition of MTT reduction by Ab25–35, while Jang
et al. observed an attenuation of Ab25–35-induced apop-
totic cell death by RES. However, these results do not
call into question the in vitro data presented in this
study.

Our findings show that resveratrol and its glucoside,
piceid, could be promising inhibitors. Their inhibitory
effects are twofold greater than that of CUR (Table
1). The structure of RES, which is more compact than
that of CUR or nordihydroguaiaretic acid (NDGA), is
close to the latter, which have anti-amyloidogenic
activity. Binding could be induced by hydrophobic
interactions between polyphenol rings and the hydro-
phobic region of Ab, thus blocking associations
between Ab molecules and inhibiting fibril formation.
These interactions could be reinforced by the H-bond
between the hydroxyl group of phenolic rings and some
donor/acceptor groups of Ab, as observed for other
peptides.28–30 Similarly, Tomiyama et al. already sug-
gested hydrophobic interactions between Ab and rifam-
picin (RIF) where the blocking of the association
between both molecules was due to interactions be-
tween the RIF lipophilic chain and the hydrophobic re-
gion of Ab.53,54
Piceatannol (PIA), which has only one hydroxyl in addi-
tion to RES on the B ring, has anti-amyloidogenic activ-
ity lower than that of RES. This could be due to binding
between RES and the specific site of free Ab, thereby
inhibiting Ab fibril formation. Indeed, in PIC, the pres-
ence of sugar on ring A did not modify its anti-amyloi-
dogenic activity. Thus, ring B seems to be involved in
the interaction between either RES or PIC and free
Ab peptide. This hypothesis could be in agreement with
the results obtained with DIG, which presented a weak-
er inhibitory activity than that of RES and PIC. Howev-
er, further structural studies are essential to elucidate the
mechanisms by which RES and PIC inhibit fibril
formation.

Concerning viniferin (VIN), our results indicate that this
resveratrol dimer does not significantly inhibit fibril
polymerization, so its bulk and rigidity block the inter-
action with free Ab and lead to less anti-amyloidogenic
activity. These results are in agreement with Ono’s re-
sults obtained with RIF and tetracycline (TC) which
are large molecules with a weak anti-amyloidogenic
activity.35

Taken together, these results suggest at first sight that
small structures like RES or CUR could be effective
anti-amyloidogenic molecules and bulk structures like
RIF or VIN might be less active. Nevertheless, the re-
sults obtained with PIA showing a low anti-amyloido-
genic activity with a structure similar to that of RES,
together with Ono’s results with tannic acid (TA), a
large molecule, that has a high anti-amyloidogenic activ-
ity, are not in favor of this simple structure–activity rela-
tionship.55 However, TA is a flexible bulk molecule with
rings containing numerous hydroxyl functions. Thus,
TA might have three interactions: (i) hydrophobic inter-
actions; (ii), conformational mutual adaptation owing to
the flexibility of Ab and TA and allowing them to adopt
a steric complementarity and to create additional van
der Waals bonds; and (iii) additional H-bonds owing
to the numerous hydroxyl groups.

While RES and PIC could be important molecules for
therapeutic development, the mechanism of anti-amyloi-
dogenic activity is unknown so a molecular approach to
these interactions is now required.
4. Experimental

4.1. Synthetic peptides and polyphenols

Peptides Ab25–35 and bradykinin (BK) were purchased
from Bachem California (Torrance, CA) and were used
without further purification. The sequence of Ab25–35

peptide is GSNKGAIIGLM, corresponding to residues
of the human wild type sequence Ab1–40. Curcumin
(CUR) was purchased from Bachem. Resveratrol
(RES), catechin (CAT), and ellagic acid (EA) were or-
dered from Extrasynthese (Genay, France). Piceatannol
(PIA) and astringine (AST) were purchased from
Sigma–Aldrich (Saint-Louis). Piceid (PIC), resveratrol
diglucoside (DIG), and viniferin (VIN) were extracted
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from vitis vinifera cell cultures.56 Polyphenol purity was
controlled by HPLC measurements.

4.2. Preparation of solutions

Stock solution of 1 mM was prepared by solubilizing the
lyophilized Ab25–35 peptide by brief vortexing in sterile
water at 4 �C, then by sonication for 1 min. The peptide
stock solution was aliquoted and stored at �20 �C. All
steps were carried out at 4 �C to prevent Ab25–35

polymerization.

Polyphenols were solubilized in MeOH solution to a
concentration of 1 mg/ml. The polyphenol stock solu-
tion was diluted to obtain aliquots with concentrations
between 0.1 and 100 lM, then stored at �20 �C.

4.3. Measurement of inhibitory activity by UV–visible
spectroscopy

To study the kinetic of Ab25–35 polymerization alone,
experiments were carried out by using a reactional mix-
ture containing 80 lL phosphate buffer (10 mM final
concentration) and 10 lL Ab25–35 (100 lM final concen-
tration), pH 7.2. When Ab25–35 was added to the buffer
solution, we performed sonication for 1 min to avoid
any peptide aggregation. 10 lL MeOH was added to
the solution to have the same conditions for the experi-
ments with polyphenols. For turbidity measurements,
the Ab25–35 final concentration was 0.5 mM.

To study the inhibitory activity of polyphenols, experi-
ments were carried out by using a reactional mixture
containing 80 lL phosphate buffer (10 mM final concen-
tration), 10 lL MeOH containing 0.1, 1, 10, 20, and
50 lM final concentration of polyphenols and 10 lL
Ab25–35 (100 lM final concentration), pH 7.2. All steps
were carried out at 4 �C to prevent Ab25–35

polymerization.

UV–visible spectroscopy was performed on a Cary 300
bio UV–visible spectrophotometer. First, the UV–visible
spectra of polyphenol alone were recorded by using the
spectrometer in the range of 190–600 nm at 15 �C. Then,
optimal measurements of Ab25–35 were recorded by using
the spectrometer in the range of 190–600 nm at 15 �C, to
control for any artifacts due to polyphenol aggregation.
Then, polymerization kinetics were monitored at 200 nm
between 0 and 10 h, this wavelength corresponding to the
absorption of peptide bond.42 Data were collected 6 h
after incubation. For each inhibitory experiment, one
sample containing Ab25–35 alone and another containing
the polyphenol alone were used in parallel as control in
the same experimental conditions. Moreover, to rule
out any influence due to polyphenol absorbance, their
UV–visible spectra were subtracted from the Ab25–35

absorption spectra. At least three independent measure-
ments were made for all cases. All results are presented
with means and standard deviation.

EC50 was calculated by using a least-square fitting tech-
nique to match the experimental data with a sigmoidal
curve. EC50 was the effective concentration of polyphe-
nol inhibiting the formation of Ab fibrils to 50% of
the control value.

4.4. Electron microscopy

The samples are taken again 5 min after measuring the
kinetics of the inhibitory activity of Ab25–35. 5 lL of
reaction mixtures was applied to carbon-coated collodi-
um film on 200 or 400 mesh copper grid, negatively
stained with 2% (w/v) uranyl acetate, and viewed on a
Philips CM 10 transmission electron microscope operat-
ing at 100 kV (SERCOMI, Bordeaux, France).
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