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Abstract

Alzheimer’s disease (AD) is the most common neurodegenerative disorder, yet the cause and 

progression of this disorder are not completely understood. While the main hallmark of AD is the 

deposition of amyloid plaques consisting of the β-amyloid (Aβ) peptide, transition metal ions are 

also known to play a significant role in disease pathology by expediting the formation of 

neurotoxic soluble β-amyloid (Aβ) oligomers, reactive oxygen species (ROS), and oxidative 

stress. Thus, bifunctional metal chelators that can control these deleterious properties are highly 

desirable. Herein, we show that amentoflavone (AMF), a natural biflavonoid compound, exhibits 

good metal-chelating properties, especially for chelating Cu2+ with very high affinity (pCu7.4 = 

10.44). In addition, AMF binds to Aβ fibrils with a high affinity (Ki = 287 ± 20 nM), as revealed 

by a competition thioflavin T (ThT) assay, and specifically labels the amyloid plaques ex vivo in 

the brain sections of transgenic AD mice, as confirmed via immunostaining with an Aβ antibody. 

The effect of AMF on Aβ42 aggregation and disaggregation of Aβ42 fibrils was also investigated 

and revealed that AMF can control the formation of neurotoxic soluble Aβ42 oligomers, both in 
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the absence and presence of metal ions, as confirmed via cell toxicity studies. Furthermore, an 

ascorbate consumption assay shows that AMF exhibits potent antioxidant properties and can 

chelate Cu2+ and significantly diminish the Cu2+-ascorbate redox cycling and reactive oxygen 

species (ROS) formation. Overall, these studies strongly suggest that AMF acts as a bifunctional 

chelator that can interact with various Aβ aggregates and reduce their neurotoxicity and can also 

bind Cu2+ and mediate its deleterious redox properties. Thus AMF has the potential to be a lead 

compound for further therapeutic agent development for AD.
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INTRODUCTION

Alzheimer’s disease (AD) is affecting a large fraction of the senior population all over the 

world, and more than five million people are affected alone in the United States.1 Currently, 

there is no treatment for AD, and the unambiguous diagnosis of the disease is done by 

postmortem analysis of the brain. The brains of AD patients are characterized by the 

deposition of amyloid plaques and formation of soluble oligomers of the beta-amyloid (Aβ) 

peptide.2–5 One widely employed therapeutic target has been the effective clearance of the 

amyloid plaques and soluble Aβ oligomers from the brain as a potential solution for AD 

treatment.

In addition, both in vitro and in vivo studies have shown evidence for the interaction of 

metal ions with Aβ aggregates, and postmortem examination of AD brains showed that 

copper, zinc, and iron are found in high concentrations in the amyloid plaques.6,7 These 

metal ions are believed to play a key role in the amyloid aggregation process8–16 as well as 

in the formation of reactive oxygen species (ROS) leading to oxidative stress.17–22 Our 

studies have also recently suggested that while Cu can stabilize neurotoxic soluble Aβ 
oligomers,23 Zn promotes the formation of amorphous and nontoxic Aβ aggregates.24

Given the mounting evidence supporting the role of transition metal ions in the 

pathophysiology of AD, use of metal-chelating chemical agents is emerging as a promising 
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treatment strategy.3,4,25–28 Bifunctional metal chelators can interact with the Aβ species, and 

the metal ions are proposed to potentially be more effective therapeutics for AD.29–36 These 

chelators should be able to cross the blood-brain barrier (BBB) and have to be minimally 

neurotoxic to be a valid method to control the onset of AD.30 However, we have previously 

shown that, for the Aβ42 peptide, in contrast to the Aβ40 peptide, the previously employed 

strategy of inhibiting Aβ aggregation and promoting amyloid fibril disaggregation may not 

be optimal for the development of potential AD therapeutics, due to formation of neurotoxic 

soluble Aβ42 oligomers.37 Thus, the development of metal chelating compounds that do not 

lead to formation of toxic Aβ42 oligomers should be promoted.33,38 A strategy has been the 

search for such bifunctional chelators among naturally occurring compounds, and flavonoid 

compounds have been shown to interact with amyloidogenic peptides and arrest or redirect 

aggregation pathways.39–46 For example, the green tea extracts (−)-epigallocatechin-3-

gallate (EGCG) and myricetin inhibit metal-induced Aβ40 aggregation by forming EGCG-

metal-Aβ40 complexes (Scheme 1).39,47 We and others have previously found that the 

naturally occurring biflavonoids including amentoflavone (AMF) potently attenuate Aβ 
aggregation and cytotoxicity;48–50 however, the metal-chelating ability of AMF and its effect 

on Aβ aggregation in the presence of metal ions has not been investigated to date. Herein we 

report a detailed investigation of metal-binding ability of AMF via spectroscopic methods 

and determine its metal complex stability constants, which suggest that AMF exhibits high 

binding affinity for Cu2+ versus a moderate binding affinity for Zn2+. Furthermore, a Cu2+-

induced ascorbate consumption assay shows that AMF can significantly diminish the Cu-

mediated formation of hydroxyl radicals. The effect of AMF on Aβ aggregation in the 

absence and presence of metal ions was also studied, to reveal that AMF reduced the 

formation of Cu-stabilized neurotoxic soluble Aβ42 oligomers. Overall, these studies 

strongly suggest that AMF acts as a bifunctional chelator that can interact with various Aβ 
aggregates and reduce their neurotoxicity, and can also bind Cu2+ and mediate its deleterious 

redox properties. Thus, AMF has the potential to be a lead compound for further therapeutic 

agent development for AD.

RESULTS AND DISCUSSION

Metal-Chelating Properties of AMF.

The UV-vis spectra of AMF reveal absorption bands at 275 and 360 nm (Figure S1).51 In 

order to determine if AMF can interact with Cu2+, various stoichiometric ratios of Cu2+ 

were added to the AMF solution. The spectral changes suggest that AMF can bind to more 

than one equivalent of Cu2+ (Figure 1). Job’s plot analysis was performed to determine the 

AMF:Cu2+ stoichiometry in solution. The break in Job’s plot at 0.7 mole fraction of Cu 

suggests that AMF can bind at least 2 equiv of Cu (Figure 1), which is in line with the 

proposed multiple metal ion binding sites consisting of the several ketone and phenolate 

groups on the adjacent rings of AMF (Figure S3).51

Since AMF contains phenol and ketone groups that can undergo protonation and 

deprotonation, the acidity constants (pKa) of AMF were determined using UV-vis 

spectrophotometric titrations. The UV-vis titrations from pH 3.0 to 11.0 reveal several 

changes in the spectra (Figure 2), and the best fit to the data was obtained with five pKa 
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values: 1.42, 4.57, 7.61, 8.71, and 10.96. Based on previously reported acidity constants for 

various phenols, we assigned the lowest pKa value to the protonation of one keto group, the 

next two pKa values to the deprotonation of the o-carbonyl-phenol groups, for which the 

corresponding conjugate base is stabilized by conjugation similar to acetylacetone (Hacac),
52 and the highest two pKa values are likely due to deprotonation of phenol groups in AMF.

Metal Complex Stability Constants Determination.

We then performed spectropotentiometric titrations of AMF in the presence of Cu2+ and 

Zn2+ ions to determine the corresponding metal complex stability constants. In the presence 

of Cu2+, the absorption band at 350 nm decreases regularly in the pH 3–8 range (Figure 3). 

At higher pH values (pH 8–12), a species with a broad absorption band at 400 nm slowly 

increases. The data was fitted with the HYPSPEC program using a 2:1 Cu:AMF 

stoichiometry and the presence of only two species was observed: Cu2LH and Cu2L, which 

matches the stoichiometry suggested by the Job’s plot analysis. The obtained stability 

constant of 32.53 for the Cu2(AMF) complex formation suggests that AMF has a very strong 

affinity for Cu (Table 1). In the presence of Zn2+, the complex formation was observed from 

pH 3 to 9, but at higher pH some free ligand was observed based on spectral similarity 

(Figure 4). The data fitting and stability constants value of 24.96 of Zn2(AMF) formation 

(Table 1) suggest a reasonable strong affinity for Zn albeit much lower than that for Cu. 

Since the stability constants are a measure of the overall stability of a metal-ligand complex 

and do not reflect the metal-binding affinity of ligands at a specific pH value,37,53 a better 

comparison between different metal complexes can be obtained by comparing the 

concentration of unchelated metal ions pM, where pM = −log[Munchelated]. Using the acidity 

and stability constants obtained from the data fits, pM values were obtained for the AMF: Zn 

system at pH 7.4 and for the AMF:Cu system at pH 6.6 and 7.4 (Table 2).53 The higher pM 

values obtained for the AMF:Cu system (10.44 at pH 7.4 and 9.62 at pH 6.6) suggests that 

AMF is a surprisingly strong chelator for Cu2+, similarly to commonly used Cu chelators 

such as DTPA.54

Binding Affinity of AMF for Aβ Fibrils.

Naturally occurring flavonoids have previously been shown to interact with amyloidogenic 

peptides and control the aggregation process.39,55,56 However, the direct determination of 

the binding affinities toward Aβ fibrils using fluorescence assays has not been employed for 

such natural products. Therefore, we have performed Thioflavin T (ThT) competition assays 

using Aβ fibrils, and AMF (0–10 μM) was added to solutions containing Aβ fibrils and ThT 

and a decrease in the ThT fluorescence intensity was recorded within a few minutes. We 

consider that AMF should not affect nature of the Aβ fibrils in such a short period of time 

(see below), and thus, the main reason for the reduction in fluorescence intensity is that 

AMF replaces the ThT molecules that bind to the amyloid fibrils. Fitting of the data using a 

one-site competitive binding model suggests a Ki = 287 ± 20 nM affinity of AMF toward Aβ 
fibrils (Figure 5), a value that is very similar to the IC50 value reported recently for the 

inhibition of Aβ42 fibrillization.50
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Molecular Docking Studies.

In order to better understand the interaction of AMF with the Aβ aggregates, we performed a 

series of docking studies using the Schrödinger program Glide57 and different Aβ aggregate 

structures from the RCSB database: the Aβ42 tetramers (PDB ID: 6RHY) were used as a 

working model for the toxic Aβ oligomers associated with cell membrane disruption in 

AD58 as well as the Aβ40 fibrils (PDB ID: 2M4J) and the Aβ42 fibrils (PDB ID: 5OQV) 

structures. In order to select the best poses for each aggregate structures, the conformations 

of the AMF-Aβ species adducts were ranked by the docking score and the Glide e-model 

energy. For the AMF-Aβ42 tetramer adducts, the structures that have the best docking scores 

show that AMF mainly interacts through hydrogen bonds with the phenol groups with the 

hydrophilic amino acid residues such as Asp-1, His-6, and Asp-7 located at the N-terminus 

and outside of the hydrophobic core (Figure 6a). Importantly, several reports have shown 

that when Cu2+ ions bind to the Aβ peptides, the N-terminus amino acids such as Asp-1, 

His-6, His-13, or His-14 can strongly chelate the Cu2+ ions to form Cu2+-Aβ species,59 

suggesting that AMF may have the ability to modulate the Cu2+-mediated stabilization of 

soluble Aβ oligomers (vide infra). While the other evaluated poses show interactions of 

AMF with other residues of the such as Glu-3, Asp-7, Tyr-10, Gln-15, and Glu-22 (Figures 

6a and S6), all these residues are hydrophilic and could interact with metal ions such as 

Cu2+, and therefore, AMF could modulate the Cu2+-Aβ oligomers interactions.51 When 

docked onto the Aβ40 fibril structure, AMF is positioned near the KLVFF hydrophobic core 

and interacts via π−π interactions with the Phe-19 and Phe-20 residues and via hydrogen 

bonds with Gln-15, Leu-17, and Lys-28. Interestingly, the KLVFF core is also proposed to 

be the binding site for Thioflavin T,60 thus suggesting AMF can replace ThT efficiently and 

in line with the results obtained from the ThT fluorescence competition assays (Figures 6b 

and S5b).51 When docked onto the Aβ42 fibril structure, AMF interacts with the Cu-binding 

amino acid residues such as Glu-3 and His-6 (Figure 6c), further indicating that AMF may 

have the capability to modulate the interaction between Cu2+ and the Aβ42 fibrils (vide 
infra). Although the binding sites for AMF are slightly different for the Aβ40 vs the Aβ42 

fibrils, in both cases the AMF selectively binds to the groove located on the terminus of the 

axis of fibril growth, which may explain why AMF can mitigate the growth of the Aβ fibrils. 

Moreover, comparing among these AMF-Aβ adducts, the best docking score and Glide e-

model energy are comparable when AMF binds to the Aβ oligomers and fibrils, suggesting 

that AMF can interact similarly with these types of Aβ aggregates (Table S1).51

Fluorescence Staining of 5xFAD Mouse Brain Sections.

To further probe the ability of AMF to interact with various Aβ aggregates, we took 

advantage of the intrinsic fluorescence properties of AMF (Figure S2) to stain the native 

amyloid plaques present in the brain sections of 7 month old 5xFAD transgenic mice. These 

brain sections were first stained with AMF, followed by immunostaining with the HJ3.4 

antibody that can bind to a wide range of Aβ species.61 Excitingly, AMF exhibits strong 

fluorescent intensity on the stained 5xFAD mouse brain sections that shows good 

colocalization with the immunofluorescence of HJ3.4 (Pearson’s correlation coefficient = 

0.65, Figure 7), suggesting that AMF can bind to the amyloid plaques, especially to the 

dense core of the amyloid plaques when compared to the HJ3.4 antibody. Moreover, we have 

also stained the 5xFAD brain sections with the Cu2+-AMF and Zn2+-AMF complexes, 
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followed by immunostaining with the HJ3.4 antibody. For the Zn2+-AMF adduct, a low 

fluorescence intensity is observed, indicating that either this complex exhibits quenched 

fluorescence or that it cannot specifically bind to the amyloid plaques (Figure S4).51 

However, staining of the 5xFAD brain sections with the Cu2+-AMF adduct shows very good 

colocalization with HJ3.4 (Pearson’s correlation coefficient = 0.83, Figure 7), indicating that 

Cu2+-AMF can selectively bind to the amyloid plaques ex vivo. It is important to note that 

the absolute fluorescence intensity of the Cu2+-AMF amyloid plaque staining was 

significantly reduced vs staining with AMF alone, likely due to the fluorescence quenching 

ability of the Cu2+ ions. Also, no appreciable autofluorescence from the amyloid plaques 

was observed, either in the FITC or the Texas Red channel (Figure S5).

The Effect of AMF on Aβ42 Aggregation.

We then investigated the effect of AMF on Aβ aggregation, both in the presence and absence 

of metal ions. For this purpose, we have used the Aβ42 peptide, which was also shown to 

form neurotoxic soluble Aβ oligomers.62–66 To study the inhibitory effect of AMF on Aβ 
aggregation, freshly prepared monomeric Aβ42 solutions were treated with metal ions, AMF, 

or both.37 Interestingly, the ThT fluorescence assays reveal that AMF dramatically reduced 

the fibrillization of Aβ42, both in presence and absence of Cu2+ or Zn2+ (Figure 8).67

To further study the effect of AMF on Aβ42 aggregation, native gel electrophoresis/Western 

blot analysis and transmission electron microscopy (TEM) were used as these techniques 

provide a more in-depth analysis of the various size Aβ aggregates formed. Similar to 

previous reports, Aβ42 forms fibrils within 24 h of incubation, while the presence of Cu2+ 

generates a range of soluble Aβ42 oligomers, and the presence of Zn2+ leads to amorphous 

Aβ42 aggregates (Figures 9a–c and S7).24,37 Interestingly, the presence of AMF arrests the 

Aβ42 aggregation process and only small amorphous aggregates were observed by TEM, 

both in the absence and presence of Cu2+ (Figure 9d and e), while in the presence of Zn2+ 

and AMF a range of amorphous and fibrillar aggregates is formed (Figure 9f). The native 

gel/Western blot further supports that AMF dramatically reduces the amount of large Aβ42 

aggregates, while in the presence of Cu2+ the amount of soluble Aβ42 oligomers is also 

reduced, and in the presence of AMF and Zn2+ a wide range of various-size aggregates is 

formed (Figure 9).

The Effect of AMF on Disaggregation of Aβ Fibrils.

Inspired by the inhibition of Aβ42 aggregation results, we then investigated the ability of 

AMF to disaggregate the preformed Aβ42 fibrils, in the presence or absence of metal ions. 

The Aβ42 fibrils (prepared by incubating for 24 h at 37 °C) were incubated with AMF for an 

additional 24 h at 37 °C, and the extent of disaggregation in these samples was evaluated by 

ThT fluorescence, TEM, and native gel/Western blotting. The ThT fluorescence results were 

similar to those obtained in the inhibition of Aβ42 aggregation experiments and show that 

AMF is efficient at reducing the amount of Aβ42 fibrils, both in the absence and presence of 

Cu2+ ions (Figure 10).

The TEM and native gel/Western blot analyses also yield similar results to those obtained 

from the inhibition of Aβ42 aggregation studies. While the 48 h incubation gives mature 
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Aβ42 fibrils, the presence of Cu2+ stabilizes a range of soluble Aβ42 oligomers and the 

presence of Zn2+ leads to wide range of amorphous aggregates (Figure 11a–c). The addition 

of AMF disaggregates the Aβ42 fibrils efficiently, and only a reduced amount of amorphous 

smaller aggregates is observed (Figure 11d). Excitingly, the addition of AMF to the Cu2+-

incubated Aβ42 aggregates shows the reduction in the amount of both large aggregates and 

smaller Aβ42 oligomers (Figure 11e), while the amount of Zn2+-incubated Aβ42 amorphous 

aggregates also decreases to some extent upon the addition of AMF (Figure 11f). Overall, 

both the inhibition of Aβ42 and disaggregation of Aβ42 fibrils studies strongly suggest that 

AMF is a good agent for inhibition of Aβ aggregation as well as for disaggregating the 

preformed Aβ aggregates. Moreover, in the presence of Cu2+ ions, the amount of soluble 

Aβ42 oligomers is also reduced by AMF, which is a desirable property targeted in the 

development of Aβ-binding and metal-chelating bifunctional compounds.37

Cu2+-Induced Ascorbate Consumption Assays.

It has been shown previously that Aβ42 species can bind Cu2+ and promote its reduction to 

Cu+, which can react with dioxygen to generate reactive oxygen species (ROS) and lead to 

oxidative stress in vivo.68,69 Herein, we have employed an ascorbate consumption assay to 

evaluate the ability of AMF to suppress the Cu2+-ascorbate redox cycling. In the absence of 

any other additives, the consumption of ascorbate in the presence of Cu2+ is rapid (Figure 

12a, black).51 However, if Cu2+ is premixed with 2 equiv of AMF, the ascorbate 

consumption is dramatically reduced (Figure 12a, red),51 indicating that the AMF can bind 

tightly to Cu2+ and mitigate its reduction to Cu2+, thus acting as an antioxidant and arrest the 

redox cycling. Furthermore, when 2 equiv AMF was added into the Cu2+-ascorbate solution, 

the consumption of ascorbate is rapidly reduced significantly (Figure 12a, blue),51 showing 

that AMF can alleviate the Cu2+-ascorbate redox cycling even when it was not premixed 

with Cu2+.

We have also investigated ascorbate consumption in the presence of monomeric Aβ42, 

mimicking the conditions that are more relevant to AD. Compared with the Cu2+-Aβ42 

species that rapidly lead to consumption of ascorbate through redox cycling (Figure 12b, 

black),51 the presence of the premixed AMF-Cu2+ complex leads to a significant inhibition 

of the ascorbate consumption (Figure 12b, red),51 indicating that Aβ42 cannot outcompete 

AMF for binding to the Cu2+ ions. Moreover, when AMF added to the Cu2+-Aβ42-ascorbate 

solution, it was able efficiently reduce the consumption of ascorbate via the Cu2+-ascorbate 

redox cycling even in the presence of Aβ42 species (Figure 12b, blue),51 suggesting that 

AMF can outcompete Aβ42 for binding to the Cu2+ ions. Overall, these results strongly 

suggest that AMF has potent antioxidant properties and can efficiently chelate the Cu2+ ions 

to prevent the reduction by ascorbate, even with the presence of Aβ42 species, and thus 

inhibit the formation of ROS during the Cu2+-ascorbate redox cycling.

Cell Toxicity Studies.

Since it was recently shown that the Cu2+ ions can promote the formation of neurotoxic 

soluble Aβ oligomers,24,70 42 we have investigated whether AMF can modulate the 

formation of such Cu2+-stabilized soluble Aβ42 oligomers. First, the Neuro2A cells were 

treated with the Aβ42 fibrils that lead to some neurotoxicity (80 ± 5% cell viability) 
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compared with the DMSO control, while the Cu2+-stabilized Aβ42 oligomers showed a 

significantly increased cytotoxicity (60 ± 2% cell viability) vs the Aβ42 fibrils (Figure 13, 

top).24 The presence of Zn2+ did not significantly affect the Aβ42 cytotoxicity. Excitingly, 

the addition of AMF significantly attenuates the cytotoxicity of the Cu2+-stabilized Aβ42 

oligomers (85 ± 5% cell viability), further suggesting that AMF can mitigate the interaction 

of Cu2+ with the Aβ42 species. Next, we have examined the cytotoxicity of the preformed 

Aβ42 aggregates (Figure 13, bottom). While the Aβ42 aggregates formed in the presence of 

Cu2+ ions dramatically increased the cytotoxicity compared to the Aβ42 fibrils alone (45 ± 

8% versus 79 ± 8% cell viability, respectively), the addition of AMF significantly reduced 

cytotoxicity of the Cu2+-containing Aβ42 aggregates (83 ± 7% cell viability). To the best of 

our knowledge, these results suggest for the first time that AMF can act as a bifunctional 

chelator and mitigate the neurotoxicity of Cu2+-Aβ42 species in a cellular assay.

CONCLUSIONS

In summary, herein we report that amentoflavone (AMF), a naturally occurring biflavonoid 

compound, exhibits good metal-chelating properties, especially for binding Cu2+ with a very 

high affinity (pCu7.4 = 10.44), as shown via spectropotentiometric titrations. In addition, 

AMF binds to Aβ fibrils with a high affinity (Ki = 287 ± 20 nM), as revealed by a 

competition thioflavin T (ThT) assay, and specifically labels the amyloid plaques ex vivo in 

the brain sections of transgenic 5xFAD mice, as confirmed via immunostaining with an Aβ 
antibody. The effect of AMF on Aβ42 aggregation and disaggregation of Aβ42 fibrils was 

also investigated, to reveal that AMF can control the cytotoxicity of Aβ42 aggregates, 

especially the marked neurotoxicity of the Cu2+-stabilized soluble Aβ42 oligomers. 

Furthermore, a Cu2+-induced ascorbate consumption assay shows that AMF exhibits potent 

antioxidant properties and can chelate Cu2+ and significantly diminish its reduction and 

Cu2+-ascorbate redox cycling and ROS formation. Overall, these studies strongly suggest 

that AMF acts as a bifunctional chelator that can interact with various Aβ aggregates and 

reduce their neurotoxicity and can also bind Cu2+ and mediate its deleterious redox 

properties. Thus, AMF has the potential to be a lead compound for further therapeutic agent 

development for AD.

METHODS

All reagents were purchased from commercial sources and used as received unless stated 

otherwise. AMF was obtained from Sigma-Aldrich. All solutions and buffers were prepared 

using metal-free Millipore water that was treated with Chelex overnight and filtered through 

a 0.22 μm nylon filter. UV-visible spectra were recorded on a Varian Cary 50 Bio 

spectrophotometer and are reported as λmax, nm (ε, M−1 cm−1). The monoclonal anti-Aβ 
antibody HJ3.4 was obtained from Prof. David Holtzman (Department of Neurology, 

Washington University School of Medicine). The primary antibodies were labeled with the 

CF594 fluorescent dye by using the Mix-n-Stain CF 594 Antibody Labeling Kit (Sigma-

Aldrich), in accordance with the protocol provided by the manufacturer. All animal studies 

have been approved by the Washington University Animal Studies Committee, and the 

handling of mice was performed in accordance with institutional regulations.
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Acidity and Stability Constant Determination.

UV-vis pH titrations were employed for the determination of acidity constants of AMF and 

its stability constants with Cu2+ and Zn2+. For the acidity constants determinations, solutions 

of AMF (25 μM, 0.1 M NaCl, pH 3) were titrated with small aliquots of 0.1 M NaOH at 

room temperature under N2. At least 30 UV-vis spectra were collected in the pH 3–11 range. 

DMSO stock solutions (5 mM) were diluted in EtOH-water mixtures in which EtOH did not 

exceed 10% (v:v). Similarly, the metal complex stability constants were determined by 

titrating solutions of AMF and Cu(ClO4)2·6H2O or Zn(ClO4)2·6H2O with small aliquots of 

0.1 M NaOH at room temperature. At least 30 UV-vis spectra were collected in the pH 3–11 

range. The acidity and stability constants were calculated using the HypSpec program 

(Protonic Software, UK),71 and speciation plots of the compounds and their metal 

complexes were calculated using the program HySS2009 (Protonic Software, UK).72

Amyloid β Peptide Experiments.

Aβ monomeric films were prepared by dissolving commercial Aβ42 (or Aβ40 for Aβ fibril-

binding studies) peptide (Keck Biotechnology Resource Laboratory, Yale University) in 

HFIP (1 mM) and incubating for 1 h at room temperature.73 This solution was then 

aliquoted out and evaporated overnight. The aliquots were vacuum centrifuged, and the 

resulting monomeric films stored at −80 °C. Aβ fibrils were generated by dissolving 

monomeric Aβ films in DMSO, diluting into the appropriate buffer, and incubating for 24 h 

at 37 °C with continuous agitation (final DMSO concentration was <2%). For metal-

containing fibrils, the corresponding metal ions were added before the initiation of the 

aggregation conditions. For the inhibition studies, AMF (25 μM) was added to Aβ solutions 

(25 μM) in the absence or presence of metal salts (CuCl2 or ZnCl2, 25 μM) and incubated 

for 24 h at 37 °C with constant agitation. For the disaggregation studies, the preformed Aβ 
fibrils in the absence or presence of metal ions were treated with AMF and incubated for 24 

h at 37 °C with constant agitation. For the preparation of soluble Aβ42 oligomers a literature 

protocol was followed.74,75 A monomeric film of Aβ42 was dissolved in anhydrous DMSO, 

followed by addition of DMEM-F12 media (1:1 v:v, without phenol red, Invitrogen). The 

solution (50–100 μM) was incubated at 4 °C for 24 h and then centrifuged at 10,000 g for 10 

min. The supernatant was used as a solution of soluble Aβ42 oligomers.

Histological Staining of 5xFAD Mice Brain Sections.

Brain sections obtained from 7 month old transgenic 5xFAD mice were washed with PBS (3 

× 5 min) and blocked with bovine serum albumin (2% BSA in PBS, pH 7.4, 10 min). Then 

the sections were incubated with 25 μM AMF or metal-AMF solutions and then sequentially 

stained with the CF594-labeled HJ3.4 antibody (1 μg/mL) for 1 h. The brain sections were 

treated with 2% BSA-PBS for 4 min to remove any compounds or antibodies that were 

nonspecifically binding to the tissue. Finally, the sections were washed with PBS (3 × 2 min) 

and Millipore water (2 min) and then mounted with a coverslip and Vectashield mounting 

medium. The stained brain sections were analyzed using an EVOS FL Auto 2 fluorescence 

microscope. The fluorescence images of the AMF/Cu-AMF complex staining and CF594-

labeled HJ3.4 antibody immunostaining were separately imaged in the FITC and Texas Red 
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channels, respectively. The visualization and determination of the Pearson’s correlation 

coefficients were performed using the imaging software Fiji (ImageJ 1.52p).

Molecular Docking.

The Schrödinger Suite was used to predict the docking posed and the binding interactions of 

AMF with the structure of various Aβ aggregates from the RCSB database. The Aβ 
aggregates used for docking are the Aβ42 tetramers (PDB ID: 6RHY),58 the Aβ40 fibrils 

(PDB ID: 2M4J)76 and the Aβ42 fibrils (PDB ID: 5OQV).77 The AMF molecule was 

prepared for docking using Ligprep, and the pH was set as 7.0 ± 2.0 using Epik. The four 

different protonation states of AMF were obtained from the preparation of the ligand and 

used for the docking studies. The three Aβ aggregate structures were processed by minimal 

minimization with the OPLS3 force field using the Protein Preparation Wizard program. The 

grid size was set to 36 Å in each direction to include all amino acid sequences. The 

molecular docking was performed using Glide.78 The four best poses obtained for each Aβ 
aggregate structure were ranked by both the docking score and Glide e-model energy, and 

the structures with the best docking scores and Glide e-model energies were rendered in 

PyMol.79

Fluorescence Measurements.

All fluorescence measurements were performed using a SpectraMax M2e plate reader 

(Molecular Devices). For the ThT fluorescence studies, the samples were diluted to a final 

concentration of 2.5 μM Aβ in PBS containing 10 μM ThT and the fluorescence measured at 

485 nm (λex = 435 nm). For the Aβ fibril binding studies in a Thioflavin T (ThT) 

competition assay, the Aβ (1 μM) fibril solution with ThT (2 μM) was titrated with small 

amounts of AMF and the decrease in ThT fluorescence was measured (λex/λem = 435/485 

nm). For calculating Ki values, a Kd value of 1.17 μM was used for the binding of ThT to 

Aβ40 fibrils, as determined previously.24,37

Transmission Electron Microscopy (TEM).

Glow-discharged grids (Formvar/Carbon 300 mesh, Electron Microscopy Sciences) were 

treated with Aβ samples (25 μM, 5 μL) for 5 min at room temperature. The excess solution 

was removed using filter paper, and the grids were rinsed twice with H2O (5 μL), stained 

with uranyl acetate (1% w/v, H2O, 5 μL) for 1 min, blotted with filter paper, and dried for 15 

min at room temperature. Images were captured using a FEI G2 Spirit Twin microscope 

(60–80 kV, 6500–97 000× magnification) at the Nano Research Facility (NRF) at 

Washington University in St. Louis, MO.

Native Gel Electrophoresis and Western Blotting.

All gels, buffers, membranes, and other reagents were purchased from Invitrogen and used 

as directed except where otherwise noted. Samples were separated on 10–20% gradient Tris-

tricine mini gels. The gel was transferred to a nitrocellulose membrane in an ice bath and the 

protocol was followed as suggested except that the membrane was blocked overnight at 4 

°C. After blocking, the membrane was incubated in a solution (1:2000 dilutions) of 6E10 

anti-Aβ primary antibody (Covance) for 3 h. Invitrogen’s Western Breeze Chem-
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iluminescent kit was used to visualize the bands. An alkaline-phosphatase antimouse 

secondary antibody was used, and the protein bands were imaged using a FUJIFILM 

Luminescent Image Analyzer LAS-1000CH.

Cu2+-Induced Ascorbate Consumption Assays.

A 10 mM stock solution of sodium ascorbate was prepared in 10 mM PBS buffer, and a 10 

mM stock solution of CuSO4 was prepared in Millipore water. A 4 mM AMF stock solution 

was prepared in DMSO. Monomeric Aβ42 was dissolved in PBS buffer to make a 100 μM 

stock solution. Final concentrations in the assay were as follows: 100 μM ascorbate, 10 μM 

CuSO4, 12 μM Aβ42, and 24 μM AMF. For the assays without the Aβ peptide, three 

different conditions were employed as follows: (1) ascorbate was first added into the PBS 

buffer following by the addition of CuSO4 solution; (2) the AMF solution was premixed 

with the CuSO4 solution for 30 min, and then this was added to the ascorbate solution; (3) 

ascorbate was first added into the PBS buffer followed by the addition of CuSO4 solution, 

and then when the absorbance at 265 nm reached half of that at the starting point, AMF was 

added to the solution. The solutions were monitored at 265 nm for 40 min, and spectra were 

collect every 30 s. The same conditions were used for the assays in the presence of 12 μM 

Aβ42.

Cytotoxicity Studies.

Cytotoxicity studies were performed according to our published protocol using the Alamar 

Blue assay.24,37 Mouse neuroblastoma Neuro2A (N2A) cells were purchased from the 

American Type Culture Collection. Cells were grown in Dulbecco’s modified Eagle’s 

medium (DMEM; Gibco) supplemented with 10% fetal bovine serum and antibiotics at 37 

°C in a humidified 5% CO2 incubator. N2A cells were suspended in the medium and seeded 

into a 96-well plate (2.5 × 104 cells/well). At 24 h later, cells were washed with DMEM/N2 

medium (Gibco) and treated with Aβ42 species, AMF, and metal ions in a final volume of 

100 μL. After an additional incubation of 40 h, Alamar blue (Resazurin; Sigma-Aldrich) was 

added to each well at a final concentration of 30 μg/mL and incubated at 37 °C for 90 min, 

the absorbance was read at 570 nm, and the cell viability was calculated.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
UV-vis characterization of Cu2+ binding to AMF. Left: Spectral changes upon addition of 0–

4 equiv of CuCl2 to AMF (25 μM in PBS). Right: Job’s plot for AMF and Cu2+ in EtOH-

PBS (1:10).
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Figure 2. 
Variable pH (pH 3–11) UV spectra of AMF ([AMF] = 25 μM; 25 °C, I = 0.1 M NaCl) and 

species distribution plot, corresponding to the following five pKa values: 1.42, 4.57, 7.61, 

8.71, and 10.96. Neutral AMF corresponds to the LH4 form.
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Figure 3. 
Variable pH (pH 3–11) UV-vis spectra of AMF and Cu2+ spectropotentiometric titration 

([AMF] = 25 μM; [Cu2+] = 50 μM, 25 °C, I = 0.1 M NaCl) and species distribution plot (L 

represents the dideprotonated AMF).
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Figure 4. 
Variable pH (pH 3–11) UV-vis spectra of AMF and Zn2+ spectropotentiometric titration 

([AMF] = 25 μM; [Zn2+] = 50 μM, 25 °C, I = 0.1 M NaCl) and species distribution plot (L 

represents the dideprotonated AMF).
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Figure 5. 
ThT fluorescence competition assays for AMF ([Aβ] = 2 μM, [ThT] = 1 μM). The error bars 

represent the standard deviation from three independent experiments.
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Figure 6. 
Calculated binding modes of AMF to various Aβ aggregates: (a) Molecular docking poses 

of AMF interacting with the Aβ42 tetramer (PDB ID: 6RHY). The left figure represents the 

pose that has the lowest docking score (−4.483), while the right figure represents the pose 

that has the lowest Glide e-model energy (−65.51 kcal/mol). (b) Molecular docking poses of 

AMF interacting with the Aβ40 fibrils (PDB ID: 2M4J). The left figure represents the pose 

that has the lowest docking score (−5.198), while the right figure represents the pose that has 

the lowest Glide e-model energy (−67.03 kcal/mol). (c) Molecular docking poses of AMF 

interacting with the Aβ42 fibrils (PDB ID: 5OQV). The left figure represents the pose that 

has the lowest docking score (−6.557), while the right figure represents the pose that has the 

lowest Glide e-model energy (−72.98 kcal/mol). The predicted hydrogen bonds and π−π 
interactions are highlighted with yellow and magenta dashed lines.
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Figure 7. 
Fluorescence microscopy images of 5xFAD mice brain sections coincubated with AMF and 

Cu-AMF (left panels), HJ3.4 antibody (middle panels), and merged images (right panels, 

along with the Parson’s correlation coefficients R). Concentrations used: [AMF] = [Cu2+] = 

25 μM, [HJ3.4] = 1 μg/mL (scale bar: 125 μm).
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Figure 8. 
ThT fluorescence of inhibition of Aβ fibrillization, measured upon incubation at 37 °C for 

24 h. Samples are as indicated on top of the lanes (conditions: PBS, [Aβ] = 25 μM; [M2+] = 

25 μM; [AMF] = 25 μM). For the ThT fluorescence plate reader measurements, the samples 

were diluted 10-fold and 10 μM ThT was added to each well. The error bars represent the 

standard deviation from two independent experiments, and the statistical analysis was 

evaluated according to one-way ANOVA (*p < 0.05).
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Figure 9. 
TEM images and native gel electrophoresis/Western blot for the inhibition of Aβ42 

aggregation by AMF, in the presence or absence of metal ions ([Aβ42] = [M2+] = 25 μM, 

[AMF] = 25 μM, 37 °C, 24 h; scale bar = 500 nm). Samples are (a) Aβ42, (b) Aβ42 + Cu2+, 

(c) Aβ42 + Zn2+, (d) Aβ42 + AMF, (e) Aβ42 + Cu2+ + AMF, and (f) Aβ42 + Zn2+ + AMF.
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Figure 10. 
ThT fluorescence for the disaggregation of Aβ fibrils by AMF, measured upon incubation at 

37 °C for 24 h. Samples are as indicated on top of the lanes ([Aβ] = 25 μM; [M2+] = 25 μM; 

[AMF] = 25 μM). The error bars represent the standard deviation from two independent 

experiments, and the statistical analysis was evaluated according to one-way ANOVA (*p < 

0.05).
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Figure 11. 
TEM images and native gel electrophoresis/Western blot for the disaggregation of Aβ42 

fibrils by AMF in the presence or absence of metal ions (conditions used: [Aβ42] = [M2+] = 

25 μM, [AMF] = 25 μM, 37 °C, 24 h for fibrilization with or without metal ions, followed by 

AMF addition and a further 24 h incubation for disaggregation, scale bar = 500 nm). 

Samples are (a) Aβ42, (b) Aβ42 + Cu2+, (c) Aβ42 + Zn2+, (d) Aβ42 + AMF, (e) Aβ42 + Cu2+ 

+ AMF, and (f) Aβ42 + Zn2+ + AMF.
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Figure 12. 
Kinetics of ascorbate consumption monitored by UV-vis spectroscopy at 265 nm. (a) Cu2+ + 

ascorbate (black), Cu2+-AMF + ascorbate (red), Cu2+ + ascorbate + AMF (blue); (b) Cu2+-

Aβ42 + ascorbate (black), Cu2+-AMF + Aβ42 + ascorbate (red), Cu2+-Aβ42 + ascorbate + 

AMF (blue); [Cu2+] = 10 μM, [Aβ42] = 12 μM, [AMF] = 24 μM, [ascorbate] = 100 μM. The 

large increase in absorbance observed for the blue curves in (a) and (b) likely results from 

the addition of AMF, which has an absorption band around 265 nm (Figure S1).

Sun et al. Page 28

ACS Chem Neurosci. Author manuscript; available in PMC 2020 December 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 13. 
Cell viability results (% relative to the DMSO control) upon incubation of Neuro2A cells 

with Aβ42 in the presence or absence of metal ions and AMF, under inhibition of Aβ42 

aggregation (top) and disaggregation of Aβ42 fibrils (bottom) conditions. The error bars 

represent the standard deviation from five independent experiments, and the statistical 

analysis was evaluated according to one-way ANOVA (*p < 0.05).
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Scheme 1. 
Chemical Structures of Amentoflavone (AMF), EGCG, and Myricetin
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Table 1.

Stability Constants for AMF:Cu2+ and AMF:Zn2+ Complexes

metal ion 2M2+ + L = [M2L] 2M2+ + LH = [M2LH]+

Cu2+ 32.5(2) 5.6(2)

Zn2+ 25.11(2) 4.46(3)
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Table 2.

Calculated pM Values (pM = −log[M]free; M = Zn2+, Cu2+) for a Solution Containing a 2:1 Metal:AMF 

Mixture ([M2+]tot = 25 μM; [AMF]tot = 50 μM) at a Given pH

pZn pCu

pH 7.4 pH 6.6 pH 7.4

8.15 9.62 10.44
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