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Soluble amyloid b-protein (Ab) oligomers, the main neurotoxic species, are predominantly formed from
monomers through a fibril-catalyzed secondary nucleation. Herein, we virtually screened an in-house
library of natural compounds and discovered brazilin as a dual functional compound in both Ab42
fibrillogenesis inhibition and mature fibril remodeling, leading to significant reduction in Ab42 cytotoxicity.
The potent inhibitory effect of brazilin was proven by an IC50 of 1.5 6 0.3 mM, which was smaller than that
of (2)-epigallocatechin gallate in Phase III clinical trials and about one order of magnitude smaller than
those of curcumin and resveratrol. Most importantly, it was found that brazilin redirected Ab42 monomers
and its mature fibrils into unstructured Ab aggregates with some b-sheet structures, which could prevent
both the primary nucleation and the fibril-catalyzed secondary nucleation. Molecular simulations
demonstrated that brazilin inhibited Ab42 fibrillogenesis by directly binding to Ab42 species via hydrophobic
interactions and hydrogen bonding and remodeled mature fibrils by disrupting the intermolecular salt
bridge Asp23-Lys28 via hydrogen bonding. Both experimental and computational studies revealed a
different working mechanism of brazilin from that of known inhibitors. These findings indicate that
brazilin is of great potential as a neuroprotective and therapeutic agent for Alzheimer’s disease.

A
lzheimer’s disease (AD), the most common form of dementia, is characterized by cerebral extracellular
amyloid plaques and intracellular neurofibrillary tangles1. It is estimated that there were 36 million people
living with the dementia worldwide in 2010, increasing to 115 million by 2050 as a result of an increasing

human lifespan. Although the precise aetiology of AD is still not fully understood owing to its complexity, recent
advances have demonstrated that amyloid b-protein (Ab) aggregation is a crucial event in the pathogenesis of
AD2. Early reports indicated that amyloid fibrils were the cause of AD, but recent studies found that soluble Ab
oligomers are the main neurotoxic agents3–5. It has been suggested that Ab monomers aggregate into oligomers,
protofibrils and fibrils in sequence via a primary nucleation mechanism. Thus, the particular attention has been
devoted to seeking inhibitors to prevent Ab aggregation. Recent experimental evidence showed that the toxic
oligomeric species are predominantly formed from monomers through a fibril-catalyzed secondary nucleation
after a critical concentration of amyloid fibril has been exceeded6,7. Furthermore, it has been known that amyloid
plaques including fibrils begin to form before symptoms developing8. Therefore, an attractive therapeutic strategy
for AD is to find difunctional agents that can prevent the aggregation of Ab and remodel the preformed fibrils at
the same time, leading to the suppression of both the primary nucleation pathway and the fibril-catalyzed
secondary nucleation pathway.

Up to now, many substances have been reported to prevent Ab aggregation and reduce its associated cyto-
toxicity, such as organic molecules9,10, peptides11,12, antibodies13,14, and nanoparticles15. Of them, organic mole-
cules have received special interest16. The organic molecules are categorized into three groups according to their
working mechanisms: stabilizing Ab monomers, accelerating Ab fibrogenesis and modulating Ab aggregation
pathway. For example, (2)-epigallocatechin gallate (EGCG) binds Ab species and redirects them into off-
pathway and nontoxic oligomers17. In contrast, the orcein-related molecule O4 promotes the conversion of toxic
oligomers into nontoxic b-sheet-rich amyloid fibrils18.
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Recently, particular attention has been paid to natural compounds
due to the ease of structural modification, druggability features, and
low cytotoxicity. Some organic molecules extracted from herbs have
been found to prevent the aggregation of Ab and alleviate its assoc-
iated cytotoxicity19. For example, tanshinones, extracted from
Chinese herb Danshen, was found to inhibit the aggregation of Ab,
disaggregate fibrils and reduce Ab-induced cytotoxicity20. Although
a number of organic compounds have been found to be effective
inhibitors, none of them has been used for the clinical treatment of
AD. More effective small molecular inhibitors are urgently needed.

In this work, brazilin, a natural compound extracted from
Caesalpinia sappan, was virtually screened from our in-house library
using docking simulation methods. Then, its inhibitory effect on the
fibrillogenesis and cytotoxicity of Ab42, remodeling effect on mature
Ab42 fibrils and molecular interactions with Ab were studied sys-
tematically using biochemical, biophysical, cell biological and
molecular simulation methods.

Results
Virtual screening of Ab aggregation inhibitors. In order to find
effective inhibitors of Ab aggregation, an in-house library containing
over 600 natural compounds was first constructed in our laboratory.
Then, a virtual screening method was performed to screen the library
using the docking program FlexX/SYBYL. Currently, there are five
scoring functions (i.e., F_score, G_score, PMF_score, D_score and
Chemscore) to rank the affinity between ligands and the target
protein in SYBYL. We firstly validated which scoring functions
could be used as the criterion to select potential inhibitors from
the library. A widely accepted method, enrichment curve21, was
used to identify the appropriate scoring functions. Thirty-six Ab
aggregation inhibitors reported in literature (Table S1) and all of
the compounds in the library were docked to fibrillar Ab17–42

pentamer. Figure S1 shows that the enrichment curves of the five
scoring functions and the diagonal line represents a random
classification. It is clear that the three scoring functions of F_score,
Chemscore and D_score could effectively enrich the known
inhibitors from the library when top 10% of the compounds were
selected as inhibitors using these scoring functions. Therefore,
ranking top 10% using the three scoring functions was used to
screen effective inhibitors from the library and seven compounds
were selected (Table S2). It is known that central nervous system
drugs should typically have certain physicochemical and structural
features in their molecular weights, hydrophobicity, etc. For
example, Pajouhesh et al.22 have found that the central nervous
drugs with logP less than 3 penetrated easily through blood-brain
barrier (BBB) and showed good intestinal permeability. Therefore,
two compounds (i.e., bicuculline and brazilin) with logP less than 3
were chosen to be the candidate inhibitors of Ab aggregation (see
Table S3).

Brazilin inhibits Ab42 fibrillogenesis and reduces Ab42-induced
cytotoxicity. To examine the inhibitory effects of the two candidate
compounds on Ab42 fibrillogenesis, Thioflavin T (ThT) fluorescence
assay was carried out. The ThT fluorescence signals of Ab42 species
after incubation with the two compounds for 30 h were monitored
and shown in Figure S2. The inhibition efficiencies of the two
compounds were monitored by measuring the fluorescence signal
with respect to that of pure Ab42 aggregates without inhibitors
(100%). From Figure S2, it was observed that both the compounds
were capable of inhibiting Ab42 fibrillogenesis, while brazilin had
stronger inhibitory potency than bicuculline. Therefore, brazilin was
selected as a potent inhibitor against Ab self-assembly for further
study (see chemical structure in Figure 1a). To better quantify
the inhibitory effect of brazilin on Ab42 aggregation, the dose-
dependent inhibitory effect of brazilin on Ab42 fibrillogenesis was
determined and shown in Figures 1b and S3. The well-known

powerful inhibitor, EGCG, which is in Phase III clinical trial for
treating AD (http://www.clinicaltrials.gov), was chosen to compare
with brazilin for their inhibitory capacities. It was evident that
brazilin had a marked inhibitory potency on Ab42 fibrillogenesis
with an IC50 of 1.5 6 0.3 mM, which was smaller than that of
EGCG (IC50 , 2.4 6 0.4 mM). Although the inhibitory potency of
EGCG at high concentrations was stronger than brazilin (Figure 1b),
the stronger inhibition effect of brazilin at lower concentrations was
considered more favorable because it would be difficult for the
compounds to reach very high concentrations in brain.

Then, we investigated the effect of brazilin on the ultrastructure of
Ab42 aggregates by TEM. In the absence of brazilin, the formation of
predominant fibrillar structures was observed, but brazilin at a molar
ratio of 1051 to Ab obviously inhibited fibril formation in favor of
granular aggregates (Figure 1c and S4). Therefore, brazilin effectively
inhibited Ab42 fibril formation, supporting the results of the preced-
ing ThT assays. Then, we analyzed the brazilin-induced aggregates
using size exclusion chromatography (SEC). It was found that there
were two elution peaks (Figure S5a). The first peak eluted at ,7.5 mL
was relatively large soluble aggregates with molecular weight of above
70 kDa, and the second peak at ,15 mL was corresponding to
monomeric Ab, consistent with the previous study23. Moreover,
the first peak was enriched with increasing brazilin (Figure S5b),
indicating that the brazilin-induced aggregates were some species
with molecular weights above 70 kDa.

Previous studies have proven that the formation of b-sheet-rich
structure is a crucial early step in amyloidogenesis and on-pathway
Ab fibrils have a characteristic cross-b-sheet conformation24. In
order to probe the effect of brazilin on the conformational conver-
sion of Ab42, time-dependent circular dichroism (CD) spectra of the
protein in the presence and absence of brazilin were analyzed
(Figures 1d and S6). It was found that the initial secondary structure
of Ab42 was random coil with a major negative peak between 200 and
210 nm (Figure S6a). Upon protein aggregation, this peak dimin-
ished gradually and a strong positive peak around 195 nm and a
negative band around 216 nm appeared (Figure 1d). It indicates that
Ab42 converted from its initial random coil to a b-sheet structure,
consistent with the previous study25. However, the typical CD spec-
trogram of b-sheet conformation was also observed in the presence
of brazilin, although the values of the peak and valley had slightly
changed with increasing brazilin (Figure 1d).

Previous studies have demonstrated that toxic on-pathway Ab
oligomers can be specifically detected with a conformation-specific
antibody A1126. In order to examine whether the formation of such
amyloid oligomers was inhibited by brazilin, the time-dependent dot
blot assays using antibodies A11 and 6E10 were carried out and
shown in Figure S7. It was evidenced that A11-immunoreactive oli-
gomers were observed during the whole aggregation process in the
absence of brazilin. However, the formation of on-pathway oligo-
mers was efficiently suppressed by brazilin (Figure S7a), demonstrat-
ing that brazilin-induced Ab42 aggregates were structurally different
from the toxic amyloid oligomers described previously. Using the
control antibody 6E10, which recognizes Ab independently of its
conformations, both brazilin-treated and untreated Ab42 were
detected (Figure S7b). These results demonstrated that Ab42 aggre-
gates modulated by brazilin were structurally distinct from the toxic
oligomers, despite the presence of some b-sheet structures.

To examine the ability of brazilin to inhibit Ab42-induced cell
death, the lactate dehydrogenase (LDH) cytotoxicity assay was car-
ried out using SH-SY5Y cell line. SH-SY5Y is a human derived neu-
roblastoma cell line and presents many of the biochemical and
functional features of human neurons27. Therefore, it has been widely
used as a human neuronal cell model in the cytotoxicity studies of
AD20,28. As shown in Figure 1e, treatment of SH-SY5Y cells with aged
Ab42 for 48 h significantly increased LDH leakage suggesting Ab42
aggregates induced massive cell death. However, co-incubation Ab42
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monomers and brazilin substantially decreased the Ab42-induced
cell death in a dose-dependent manner, as evidenced by the decrease
of LDH release (Figure 1e). At a molar ratio of brazilin to Ab42 at 0.2
or 0.4, the cell death was about 40% decreased. Visual inspection of
cellular morphology by phase-contrast microscopy and observation
of the nuclear changes by Hoechst 33342 staining were carried out to
monitor cell apoptosis induced by various Ab42 species treated and
untreated by brazilin (Figure S8a). The normal SH-SY5Y cells exhib-
ited elongated neurites and seldom stained by Hoechst 33342 (Figure

S8a). After incubation with 25 mM Ab42 fibrils for 48 h, the cells
displayed obvious morphological changes, such as cell body shrink-
age, aggregation and condensation of nuclear chromatin, revealing
the neuronal apoptosis induced by Ab42 aggregates (Figure S8a). Co-
incubation of Ab42 monomers with brazilin significantly alleviated
the morphological deterioration of cells and nuclear condensation in
contrast to that of Ab42-treated group. The counts of apoptotic
bodies stained by Hoechst 33342 also suggested that brazilin signifi-
cantly reduced the apoptosis induced by Ab42 (Figure S8b). The

Figure 1 | Inhibition of Ab42 fibrillogenesis and reduction of Ab42 cytotoxicity by brazilin. (a) Structural formula of brazilin. (b) ThT fluorescence of

Ab42 (25 mM) aggregates after incubation with various concentrations of brazilin or EGCG for 24 h. See method section for more details. The ThT

fluorescence of Ab42 aggregates without an inhibitor was defined as 100%. The inhibitory potency of brazilin represents a dose-dependent manner with

an IC50 of 1.5 6 0.3 mM, comparing with 2.4 6 0.4 mM of EGCG. (c) TEM images of Ab42 in the absence (left) and presence (right) of brazilin (brazilin

to Ab42 ratio, 1051) after 10 h incubation. (d) The far-UV circular dichroism spectra of Ab42 incubated for 24 h in the absence and presence of

different concentrations of brazilin. (e) Inhibitory effect of brazilin on the cytotoxicity induced by Ab42 aggregation. Ab42 monomer (25 mM) was

co-incubated at 37uC for 24 h with or without brazilin, and then added to SH-SY5Y cells. After 48 h treatment, cytotoxicity was evaluated using LDH

leakage assay. All values represent means 6 s.d. (n 5 3). ** p , 0.01, compared to control group. ## p , 0.01, compared to Ab42-treated group.
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above results indicate that brazilin can protect SH-SY5Y cells against
the Ab42-induced cytotoxicity. The cytotoxicity of brazilin towards
SH-SY5Y cells was also evaluated using MTT assay (Figure S9). It is
clear that almost no cytotoxicity was observed at lower brazilin con-
centrations (#10 mM). When the SH-SY5Y cells were treated with
30 mM brazilin, however, ,35% cytotoxicity was observed.

Molecular insight into the effect of brazilin on Ab42 fibrillogenesis.
The above experimental results have confirmed that brazilin can
inhibit the fibrillogenesis of Ab42 and greatly reduce its cytotoxicity.
To explore the molecular details of the interactions between brazilin
and Ab42, all-atom molecular dynamics (MD) simulations were
performed. Due to the very low stability and the transient and
highly dynamic nature of Ab oligomers, it is difficult to obtain
their atomic-level models using X-ray crystallography and NMR
experiments. Instead, several Ab fibril structures have been
proposed based on the solid-state NMR data, including the fibrillar
Ab17–42 pentamer24 and the Ab1–40 fibrils29,30. Moreover, several
studies proved that the secondary structures of Ab oligomers were
mainly b-sheet31,32. So, the NMR-based fibrillar Ab17–42 pentamer has
been often used as an Ab oligomer in literature33–36. Hence, we also
used the fibrillar Ab17–42 pentamer as a starting state to probe the
interactions between brazilin and Ab. The atomic contacts between
brazilin and fibrillar Ab17–42 pentamer were calculated to represent
the interactions between brazilin and Ab. The averaged probabilities
of atomic contacts between brazilin and each residue of fibrillar
Ab17–42 pentamer are shown in Figure S10. The simulation results

suggest that brazilin interacted preferentially with some of the
residues, most notably residues Leu17, Phe19, Phe20 and Lys28
over others, although brazilin molecules made contacts with
almost all residues of Ab17–42.

Figures 2a and 2b show the snapshots of brazilin molecules bind-
ing to the fibrillar Ab17–42 pentamer. It can be seen that brazilin had
more than one binding site on Ab17–42 pentamer, consistent with the
previous contact analysis. A detailed analysis revealed that the phenyl
ring of brazilin bound directly with the phenyl ring of Phe20
(Figure 2c). This suggests that there were strong hydrophobic inter-
actions between brazilin and Ab42. In addition, there are four
hydroxyl groups within one brazilin molecule (see Figure 1a).
Thus, brazilin could also interact with Ab through hydrogen bond-
ing. The number of hydrogen bonds between brazilin and Ab17–42

pentamer was calculated (Figure S11). It reveals that there were more
than 10 hydrogen bonds between Ab17–42 pentamer and brazilin
molecules. Therefore, brazilin molecules interact with Ab principally
through hydrophobic interactions and hydrogen bonding. The
results suggest that these direct interactions lead to the formation
of unstructured aggregates, and ultimately give brazilin the inhib-
itory effects on Ab fibrillogenesis and cytotoxicity.

Brazilin remodels Ab fibrils. The removal or remodeling of amyloid
fibrils is another central therapeutic strategy in AD. Especially, recent
studies found that the toxic oligomers were predominantly formed
through a fibril-catalyzed secondary nucleation mechanism6.
Therefore, the ability of eliminating mature fibrils is an essential

Figure 2 | Representative brazilin-Ab17–42 pentamer binding complexes derived from molecular dynamics simulations. The top (a) and side (b) views

of the complex structure of Ab17–42 pentamer and brazilin molecules obtained from molecular dynamics simulation trajectories. The surface of

Ab17–42 pentamer is colored according to the charges of the atoms. Negatively and positively charged zones are depicted in red and blue, respectively.

(c) Interactions between the phenyl ring in brazilin and the phenyl ring in Phe20 of Ab17–42 pentamer. The main chain of Ab17–42 is shown by a yellow

NewCartoon model and its side chains are represented by a line. Phe20 is colored pink, and the brazilin is colored blue. The snapshot is plotted by visual

molecular dynamics (VMD) software (http://www.ks.uiuc.edu/Research/vmd/).
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feature of a potential drug for AD. Hence, the effect of brazilin on
mature Ab42 fibrils was investigated. The amyloid fibrils were
produced by incubating Ab42 monomers at 37uC for 24 h, a
proper condition that allows Ab to grow into mature fibrils. It was
also confirmed that Ab fibrils with b-sheet-rich structure were
generated after 24 h incubation (Figure S12).

The effect of brazilin on the mature Ab42 fibrils was first moni-
tored by ThT fluorescence measurement (Figure 3a). By adding bra-
zilin into Ab42 fibrils, a remarkable dose-dependent reduction of
ThT fluorescence was observed as compared with the control sample.
When Ab42 fibrils were treated with an equimolar concentration of
brazilin, the ThT fluorescence intensity decreased by above 90% in
10 h. This indicates that the preformed fibrils were converted into
some other species that did not bind ThT molecules to generate an
observable ThT fluorescence. The ThT assays confirmed that brazilin
is capable of not only inhibiting the formation of new fibrils, but also
remodeling the preformed fibrils.

We then directly observed the morphologies of brazilin-induced
Ab42 species from fibrils with TEM (Figures 3b and S13). It is clear
that the fibrils were reduced markedly and converted into some
granular aggregates after incubation with brazilin for 24 h, whereas
untreated Ab42 fibrils kept the well-developed fibrillar morphology.
This indicates that brazilin alters significantly the morphology of
Ab42 fibrils due to its remodeling effects, correlating well with the
ThT fluorescence data. The remodeling product was centrifuged and
the supernatant was analyzed by SEC (Figure S14a). Similar to the
inhibition experiments, the first peak area increased with increasing
brazilin concentration (Figure S14b), whereas the peak area of the
monomer did not exhibit distinct differences. It is noted that the
majority of unstructured aggregates remodeled by brazilin were

removed by centrifugation. Therefore, the monomeric peak was
the major peak in the remodeling experiments. This implies that
brazilin could convert Ab42 fibrils into unstructured aggregates of
molecular weights .70 kDa, rather than monomers, similar to the
case of curcumin37.

Next, CD spectroscopy was used to probe the secondary structure
of these remodeled Ab42 species (Figure S15). It shows that brazilin
did not obviously affect the b-sheet structure of the protein although
it could remodel the fibrillar morphology. That is, brazilin-treated
Ab42 species still had some b-sheet structure, consistent with the
previous results. We also tested whether these brazilin-treated fibril
products were recognized by antibody A11 using dot blot assays
(Figure S16). The amount of A11-immunoreactive oligomers
decreased with increasing brazilin concentration. However, both
brazilin-treated and untreated Ab42 were detected by antibody
6E10. This demonstrates that brazilin-remodeled fibril species were
similar with those aggregates formed in the co-incubation of Ab42

monomers with brazilin, which were structurally distinct from the
well-described toxic oligomers.

Cytotoxicity of the brazilin-remodeled Ab fibril species was also
examined using LDH leakage assays. Brazilin-treated and untreated
Ab42 fibrils were introduced to SH-SY5Y cells, and the LDH release
was measured after 48 h incubation (Figure 3c). The untreated Ab42

fibrils gave rise to a significant increase of LDH release, indicating
massive cell death induced by Ab42 fibrils. However, the co-incubation
of Ab42 fibrils and brazilin significantly alleviated Ab42 fibril-induced
cell death (Figure 3c). At a molar ratio of brazilin to Ab42 at 0.2 or 0.4,
the cell death was about 30% decreased. The observation of cellular
morphology and nuclear condensation also further validated that the
remodeling effect of brazilin reduced the cytotoxicity of Ab42 fibrils

Figure 3 | Remodeling effect of brazilin on Ab42 fibrils. Ab42 fibrils were incubated with different concentrations of brazilin. (a) Loss of ThT fluorescence

of Ab42 fibrils measured in the absence and presence of different concentrations of brazilin in in situ real-time assays. See method section for more

details. The ThT fluorescence of Ab42 fibrils was defined as 100%. (b) Brazilin-induced remodeling of Ab42 mature fibrils into granular aggregates was

monitored by TEM after 24 h incubation. (c) Brazilin alleviated the cytotoxicity of Ab42 fibrils. Mature Ab42 fibrils were co-incubated at 37uC for

24 h in the absence and presence of brazilin, and then added into SH-SY5Y cells at a final Ab42 concentration of 25 mM. After 48 h treatment, cytotoxicity

was evaluated using LDH leakage assay. ** p , 0.01, compared to control groups. ## p , 0.01, compared to Ab42-treated group.
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(Figure S8). The decrease of cell death and apoptosis due to remodel-
ing effects of brazilin was less than the inhibitory effects (Figures 1e
and S8), but statistically significant. The main reason for the less
inhibitory effects might be that some of the aggregates resulting from
the remodeling reaction still maintained some degree of amyloid
structures and cytotoxicity.

MD simulations were also performed to probe the molecular
mechanism of the mature fibril remodeling by brazilin. Previous
studies have proposed that the intermolecular salt bridge Asp23-
Lys28 plays an important role in the stability of mature fibrils24.
Thus, the distance between Asp23 of chain A and Lys28 of chain B
was studied in the absence and presence of brazilin (Figure 4).
Figure 4a shows that the distance between Asp23 and Lys28 kept
stable around 0.3 nm in the absence of brazilin, except for some
transient increases. That is, the salt bridge Asp23-Lys28 kept stable
in water. In the presence of brazilin, however, the distance between
Asp23 of chain A and Lys28 of chain B became greater than 0.7 nm
after approximately 5 ns (Figure 4b). From the snapshot in
Figure 4d, it is clear that three brazilin molecules interacted with
chains A and B via three hydrogen bonds. Of them, one brazilin
molecule interacted with Asp23 of chain A by hydrogen bonding,
disrupting the native salt bridge Asp23-Lys28 (Figure 4c). Thus, the
backbone hydrogen bonds were interfered and finally the marginal
chain was gradually disarranged and tended to participate in the
formation of other unstructured aggregates. As a result, the number
of backbone hydrogen bonds between chains A and B decreased
rapidly from the initial value of 22 to 12 in the first 10 ns (Figure
S17). The above simulation data indicate that brazilin interacted

preferentially with the intermolecular salt bridge Asp23-Lys28 via
hydrogen bonding, which partly perturbed the backbone hydrogen
bonds of Ab fibrils, thus leading to the fibril remodeling.

A mechanistic model. Based on the experimental and computational
results, we have proposed a model to interpret the working mechanism
of brazilin effects on Ab aggregation (Figure 5). Ab aggregation is a
highly complex process that involves sequential formations of various
Ab aggregation species, including oligomers, protofibrils and fibrils.
Recently, the primary and secondary nucleation mechanisms were
proposed to characterize the Ab aggregation pathway. According to
the comprehensive study38, it is considered that in the primary
nucleation pathway, Ab monomers with initial a-helix or coil
structure self-assemble into b-sheet-rich oligomers (step 1 in
Figure 5), which are the most toxic form (b state in Figure 5).
Then, the oligomers and monomers can aggregate further into
protofibrils and low-toxic fibrils (step 2 in Figure 5). When a
critical concentration of fibrils has been reached, the secondary
nucleation pathway is triggered and plays a dominant role in the
generation of toxic oligomers (step 3 in Figure 5).

In the presence of brazilin, however, it can bind to Ab monomers
and oligomers via hydrophobic interactions and hydrogen bonding,
which prevents the formation of on-pathway intermediates of Ab
and goes off-pathway aggregation instead (steps 4 to 6 in Figure 5).
Although the brazilin-induced Ab species (f state in Figure 5) still
contain some b-sheet structure, the structures of the aggregates are
different from those on-pathway Ab oligomers, exhibiting lower
cytotoxicity. Furthermore, brazilin can remodel the mature fibrils

Figure 4 | Brazilin disrupts the salt bridge Asp23-Lys28. The distances between the mass center of the carboxyl group of Asp23 and the amino group

of Lys28 in two adjacent chains were monitored as a function of simulation time (a) in the absence and (b) presence of brazilin. (c) The salt bridges

between each chain and its adjacent chain within the initial Ab17–42 pentamer. The salt bridges are framed in pink. (d) The snapshot of the salt bridge

between chains A and B disrupted by brazilin molecules at 100 ns. The three hydrogen bonds observed between brazilin and Ab17–42 pentamer are

represented using pink dash lines. The brazilin molecules interacting with Asp23 via hydrogen bonding are colored in blue. The main chain of Ab17–42 is

shown by a yellow NewCartoon model. Atoms of brazilin and the side chains of some residues are colored red for oxygen, white for hydrogen, and green

for carbon. The snapshots are plotted by visual molecular dynamics (VMD) software (http://www.ks.uiuc.edu/Research/vmd/).
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into unstructured and less toxic species (f state in Figure 5) by dis-
rupting the salt bridge Asp23-Lys28 via hydrogen bonding (steps 7
and 8 in Figure 5). Most importantly, remodeling of the mature fibrils
can make them lose the catalytic activity of secondary nucleation (i.e.,
blocking step 3 in the on-pathway aggregation)6. This is of great
significance in the treatment of AD because toxic oligomers are
mainly formed through the secondary nucleation in a fibril-depend-
ent manner6,7. Thus, due to its dual functions, brazilin is able to
redirect the pathway of Ab aggregation into less toxic species and
to block the secondary nucleation mainly responsible for the forma-
tion of toxic oligomers.

Discussion
Previous studies have demonstrated that Ab monomers self-
assemble into high toxic oligomers and low toxic amyloid fibrils by
a primary nucleation mechanism38. Thus, most of previous thera-
peutic strategies for AD were only aimed at blocking the formation of
neurotoxic oligomers28. Despite extensive studies, the inhibiting effi-
ciencies of those agents reported in the literature were still not high
enough to meet the requirements for AD treatment. Moreover,
mature fibril remodeling was seldom studied and the mechanism

is poorly understood. Recent studies emphasized that the toxic oli-
gomeric species are produced from the monomeric peptides through
a fibril-catalyzed secondary nucleation reaction once the critical con-
centration of fibrils is exceeded6,7. In addition, some studies have
revealed that when the symptoms of AD patients are found there
have been some amyloid plaques in their brains8. So, most of toxic
oligomers should be produced by the surface catalysis via amyloid
fibrils before a definite diagnosis of AD. That is, a major approach for
completely curing AD should focus on destroying the secondary
nucleation pathway. Therefore, considering both the preventive
and curative aspects, intensive efforts to develop therapeutic agents
capable of targeting both Ab fibrillogenesis and the preformed fibrils
are essential.

Brazilin is mainly extracted from Caesalpinia sappan, with various
biological activities, such as anti-inflammatory39 and anti-platelet
aggregation activities40. In this study, we identified brazilin as an
effective inhibitor of Ab fibrillogenesis by extensive biophysical, bio-
chemical, cell biological and computational methods. The results
confirmed that brazilin could efficiently inhibit amyloid fibrillogen-
esis and protect cultured cells from Ab42-induced cytotoxicity
(Figure 1). As compared with EGCG, the drug under Phase III clin-

Figure 5 | Schematic representation for the working mechanism of brazilin on its inhibition of Ab42 fibrillogenesis and fibril remodeling. Steps 1 to

3 represent the on-pathway Ab aggregation (red arrows), including the primary nucleation pathway (step 1), fibrillogenesis pathway (step 2) and the

fibril-catalyzed secondary nucleation pathway (step 3); steps 4 to 6 show that brazilin redirects the on-pathway Ab aggregation into off-pathway

unstructured aggregates, inhibiting the primary nucleation (blue arrows); steps 7 and 8 indicate that brazilin remodels Ab fibrils into off-pathway

aggregates, blocking the secondary nucleation (green arrows). a to g represent the different states of Ab aggregation with or without brazilin. More details

are discussed in the text. The number of ‘‘X’’ indicates the toxic level of Ab aggregation species.
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ical trials for AD, the value of IC50 of brazilin was smaller than those
of EGCG (Figure 1b). Moreover, the IC50 of brazilin was about one
order of magnitude smaller than those of curcumin (IC50 ,
13.3 mM)41 and reveratrol (IC50 , 15.1 mM)42 reported previously,
at the same Ab42 concentration (25 mM) (Table S4). The small IC50

value of brazilin represented its powerful inhibitory potency on Ab
fibrillogenesis even at a very low concentration. This is of importance
for the central nervous system (CNS) drugs, because the concentra-
tions of CNS drugs in the brain is usually very low after eluding
various metabolism and crossing BBB22.

It is known that Ab aggregation is driven mainly by hydrophobic
forces including aromatic packing and electrostatic interactions
including hydrogen bonding43. Our simulation data have demon-
strated that brazilin directly bound with Ab via hydrophobic inter-
actions and hydrogen bonding (Figures 2, S10 and S11). These
interactions may interfere with the intermolecular interactions of
Ab and ultimately lead to the formation of unstructured aggregates
with molecular weights of above 70 kDa (Figure S5). It is interesting
to note that although brazilin could efficiently inhibit the formation
of toxic Ab aggregates and the brazilin-induced aggregates could not
be recognized by antibody A11 (Figure S7), it did not completely
inhibit the conformational transition of Ab from its initial random
coil to b-sheet structure (Figures 1d and S6). This is possible because
brazilin just inhibited the intermolecular interactions of Ab species
and blocked the on-pathway aggregation, but could not markedly
inhibit the conformational transition of the protein. The similar
phenomenon was also found for some small molecular inhibi-
tors44–46. However, it is distinctly different from some other potent
inhibitors, such as EGCG17 and resveratrol47, which have been
demonstrated to inhibit the conformational transition of Ab. This
finding implies that suppressing the conformational transition of Ab
is not indispensable to inhibit Ab fibrillogenesis and to remove the
cytotoxicity of the Ab species.

When brazilin was incubated with preformed Ab42 fibrils, bra-
zilin could interact preferentially with the intermolecular salt
bridge Asp23-Lys28 via hydrogen bonding (Figure 4). This inter-
action could partly perturb the backbone hydrogen bonds of Ab
fibrils, and ultimately result in the remodeling of Ab fibrils
into unstructured and less toxic aggregates. Similar results were
reported with EGCG48,49 and tanshinones20, which remodel large
amyloid fibrils into smaller, off-pathway unstructured forms with
relatively low cytotoxicity. It is noted that the brazilin-remodeled
Ab species had lost the structural and topological characteristics
of amyloid fibrils, as shown in Figures 3a and 3b, which are
necessary for catalyzing the secondary nucleation50. This means
that the surface of these Ab species remodeled by brazilin can no
longer catalyze the secondary nucleation reaction, which is known
to be the predominant way of oligomer formation6. Thus, remo-
deling of preformed fibrils by brazilin would be significant in the
treatment of AD because the removal of Ab fibrils can block the
second nucleation pathway and significantly reduce the formation
of toxic oligomers.

Moreover, the pharmacokinetics studies of brazilin in vivo have
been performed in literature51–53. After a single oral dose or intraven-
ous injection dose of 100 mg/kg brazilin in rats, the maximum brazilin
concentrations in plasma were 3.4 or 82.2 mg/mL with a relatively long
elimination half-life (4.5 or 6.2 h), respectively51,53. This indicates that
brazilin is sufficiently stable in vivo. Furthermore, brazilin could be
detected in the brain after intravenous injection administration of
brazilin at 50.0 mg/kg to rats52. This means that brazilin may come
through BBB and target to the Ab location in a patient’s brain. These
characteristics enable brazilin to be an appropriate CNS drug. Based
on these findings and discussions, it is convinced that brazilin offers a
promising lead compound with dual protective roles (i.e., amyloid
fibrillogenesis inhibition and mature fibril remodeling) in the treat-
ment of AD. Chemical modifications and development of specific

drug delivery systems would further enhance its inhibitory capacity
and druggability.

Methods
Chemicals and reagents. Ab42 (.95%) was purchased from GL Biochem (Shanghai,
China) as lyophilized powder. 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP), ThT and
dimethyl sulfoxide (DMSO) were purchased from Sigma (St. Louis, MO, USA).
Dulbecco’s modified Eagle’s medium (DMEM) and fetal bovine serum (FBS) were
attained from GIBCO (Grand Island, NY, USA). Antibodies A11 and 6E10 were
obtained from Invitrogen (Frederick, MD, USA) and Covance (Dedham, MA, USA),
respectively. All other chemicals were the highest purity available from local sources.

Ab42 preparation. Ab42 was prepared as described in literature54. In brief, lyophilized
Ab42 was stored at 280uC. The protein was first unfreezed at room temperature for
30 min before use, and then dissolved in HFIP to 1.0 mg/mL. The solution was in
quiescence at least 2 h, and then sonicated for 30 min to destroy the pre-existing
aggregates. Thereafter, the solution was lyophilized by vacuum freeze-drying
overnight. Finally, the protein was stored at 220uC immediately.

Ab42 aggregation and its fibril treatment with brazilin. Immediately prior to use,
the HFIP-treated Ab42 was redissolved in 20 mM NaOH, sonicated for 20 min, and
then centrifuged at 16,000 3 g for 30 min at 4uC to remove the existing aggregates.
For inhibition experiments, about top 75% of the supernatant was collected and
diluted with phosphate buffer solution (100 mM sodium phosphate, 10 mM NaCl,
pH 7.4) containing various concentrations of brazilin, leading to the final protein
concentration of 25 mM. The samples were then incubated at 37uC at constant
shaking rate. For the treatment of Ab42 fibrils, the monomeric Ab42 was first
incubated by the procedure described above for 24 h. Then different concentrations
of brazilin stock solutions in PBS (pH 7.4) were added into the Ab fibril solution and
incubated at 37uC.

ThT fluorescence assay. The assay samples (200 mL) were mixed in a 96-well plate,
containing 25 mM Ab monomers (in aggregation experiments) or Ab fibrils (in fibril
remodeling experiments), 20 mM ThT and different concentrations of brazilin in PBS
buffer (pH 7.4). The ThT fluorescence kinetics was measured using a fluorescence
plate reader (SpectraMax M2e, Molecular Devices, USA) at 15 min reading intervals
and 5 s shaking before each read. Ab42 samples with different concentrations of
brazilin were incubated firstly for 24 h. Then ThT was added and detected
immediately. The excitation and emission wavelengths were 440 and 480 nm,
respectively. The fluorescence intensity of solution without Ab42 was subtracted as
background from each read with Ab42. The measurements were performed in
triplicate and all reported values represent the mean 6 standard deviation (SD)
(n 5 3).

Transmission electron microscopy (TEM). Ab42 samples were deposited onto
carbon-coated copper grids (300-mesh) and were air-dried. The samples were
negatively stained using 2% (w/v in water) phosphotungstic acid. The stained samples
were examined and photographed using a JEM-100CXII transmission electron
microscope system (JEOL Inc., Tokyo, Japan) with an accelerating voltage of 100 kV.

CD spectroscopy. CD spectra of 25 mM Ab42 monomer or fibril solutions in the
absence and presence of brazilin were measured using a J-810 spectrometer (Jasco,
Japan) at room temperature. A quartz cell with 1 mm path length was used for far-UV
(195–260 nm) measurements with 1 nm bandwidth at a scan speed of 100 nm/min.
The CD spectra of solutions without Ab42 were subtracted as background from the
CD signals with Ab42 to isolate the Ab-specific changes. All spectra were the average
of three consecutive scans for each sample.

Cell viability assay. SH-SY5Y cells were obtained from the American Type Culture
Collection (Rockville, MD, USA) and maintained in high glucose DMEM
supplemented with 10% FBS, 2 mM glutamine, 100 U/mL penicillin and 100 U/mL
streptomycin at 37uC under an atmosphere of 95% air and 5% CO2. Cell death was
quantitatively assessed by measuring the release of LDH as previously reported55.
Briefly, 24 h after seeding, the culture medium was replaced with FBS-free medium,
and then Ab42 and brazilin-modified Ab42 (brazilin was co-incubated with Ab42

monomers or fibrils at 37uC for 24 h) were added into SH-SY5Y cells. After treatment
for 48 h, the LDH leakage assay was performed. Prior to assay, the cells were
incubated with 1% (V/V) Triton X-100 in FBS-free medium at 37uC for 1 h to obtain
a representative maximal LDH release as the positive control with 100% cytotoxicity.
Extracellular LDH leakage was evaluated by using the assay kit (Roche Diagnostics,
IN, USA) according to the manufacturer’s instructions. Briefly, cells in 96-well plates
were centrifuged at 250 3 g for 10 min, 50 mL culture supernatants were collected
from each well, 50 mL reaction buffer supplied in the kit was then added. The leakage
of LDH was assessed at a test wavelength of 490 nm with 655 nm as a reference
wavelength 30 min after mixing at room temperature. The LDH release data,
representative of at least three independent experiments carried out with different cell
culture preparations, were presented as mean 6 S.E.M. Analysis of variance was
carried out for statistical comparisons using t-test, and p , 0.05 or less was considered
to be statistically significant.
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Molecular simulation system. Fibrillar Ab17–42 pentamer was used as the target to
probe the binding sites of brazilin and to underlie its inhibitory and fibril remodeling
mechanisms. The coordinates of fibrillar Ab17–42 pentamer were obtained from
Protein Data Bank (PDB code: 2BEG). The initial structure of brazilin was taken from
the PubChem Compound Database (http://www.ncbi.nlm.nih.gov/pccompound).
The atomic charge and charge groups of brazilin were generated based on the
GROMOS96 force field parameters56.

Ab17–42 pentamer was first put in the center of a cubic box of dimensions 80 Å 3

80 Å 3 80 Å, and periodic boundary conditions was applied. Then, 10 brazilin
molecules were randomly located and oriented around the Ab17–42 pentamer. After
that, explicit water molecules non-overlapping with brazilin and Ab17–42 pentamer
were added in the system. Finally, five positive ions (Na1) were added by replacing
water molecules to neutralize the whole system. After the simulation system was
minimized for 1000 steps, it was equilibrated for 100 ps under an isothermal–isobaric
ensemble and isochoric-isothermal ensemble, respectively. Then, three MD simula-
tions of 100 ns were carried out under different initial conditions by assigning dif-
ferent initial velocities on each atom of the simulation systems.

Molecular dynamics simulation. All of MD simulations were performed using the
GROMACS 4.0.5 software package together with the GROMOS96 force field56. Water
was described using the simple point charge (SPC) water model. The pair list of non-
bond interaction was updated every 4 steps with a cut-off of 9 Å, and electrostatic
interactions were calculated using the particle mesh Ewald (PME) method with a
grid-spacing of 0.12 nm57. Temperature (300 K) and pressure (1 atm) were
controlled by the V-rescale thermostat and Berendsen barostat, respectively58,59. The
Newton’s motion equations were integrated by leapfrog algorithm with a 2 fs time
step. LINCS algorithm was employed to constrain all bond lengths60. Initial velocities
were assigned according to a Maxwell distribution. The atomic coordinates were
saved every 0.5 ps. MD simulations were run on a 160-CPU Dawning TC2600 blade
server (Dawning, Tianjin, China).

Simulation data analyses. The auxiliary programs provided with GROMACS 4.0.5
package were used to analyze the simulation trajectories. The program g_minidist was
used to calculate the contact number between brazilin and Ab17–42 pentamer and the
distance between residues Asp23 and Lys28 of the adjacent chain. The g_hbond was
used to compute the number of hydrogen bonds between brazilin and Ab17–42
pentamer, as well as the intermolecular hydrogen bonds of Ab17–42 pentamer. The
snapshots of simulation trajectories were visualized using visual molecular dynamics
(VMD) software (http://www.ks.uiuc.edu/Research/vmd/)61.
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