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Abstract: One of the pathological hallmarks of Alzheimer’s disease (AD) is the formation of amyloid-
β plaques. Since acetylcholinesterase (AChE) promotes the formation of such plaques, the inhibition
of this enzyme could slow down the progression of amyloid-β aggregation, hence being complemen-
tary to the palliative treatment of cholinergic decline. Antiaggregation assays performed for apigenin
and quercetin, which are polyphenolic compounds that exhibit inhibitory properties against the
formation of amyloid plaques, reveal distinct inhibitory effects of these compounds on Aβ40 aggre-
gation in the presence and absence of AChE. Furthermore, the analysis of the amyloid fibers formed
in the presence of these flavonoids suggests that the Aβ40 aggregates present different quaternary
structures, viz., smaller molecular assemblies are generated. In agreement with a noncompetitive
inhibition of AChE, molecular modeling studies indicate that these effects may be due to the binding
of apigenin and quercetin at the peripheral binding site of AChE. Since apigenin and quercetin can
also reduce the generation of reactive oxygen species, the data achieved suggest that multitarget
catechol-type compounds may be used for the simultaneous treatment of various biological hallmarks
of AD.

Keywords: antiamyloid; anti-Alzheimer; apigenin; quercetin; hydroxyflavones; polyphenols; amyloid;
molecular dynamics; MM-GBSA

1. Introduction

Alzheimer’s disease (AD) is ranked as the third cause of death in the world after heart
diseases and cancer, and is the most common cause of adult-onset dementia, affecting
currently around 50 million people worldwide [1]. This neurodegenerative disorder is
characterized by a gradual decline of cognitive functions, such as the loss of memory
and learning skills, eventually disabling daily life activities and intellectual functions, in
conjunction with depression and aggressive behavior [1–3].

The multifactorial nature of AD is reflected by the distinct hypotheses that have been
proposed for its etiology, e.g., the cholinergic neuron damage, the amyloid-β (Aβ) cas-
cade, oxidative stress and inflammation, among others [4]. The cholinergic hypothesis
relates acetylcholine (ACh) deficiency to the deterioration of learning and memory [1,4,5].
Cholinesterase inhibitors (ChE-Is) have therefore been investigated as potential agents to
prevent neurotransmission dysregulation [6–8]. In this context, donepezil, rivastigmine and
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galantamine are ChE-Is currently approved for the symptomatic treatment of AD [9,10]. On
the other hand, the proteolytic cleavage of the amyloid precursor protein (APP) generates
amyloid-β (Aβ) peptides characterized by variable sequences of 36–43 amino acids [11].
The length of the cleaved fragments affects both cell toxicity and aggregation, the most fib-
rillogenic 42 amino-acid-long peptide (Aβ42) being mainly found in the deposits observed
in AD patients. The aberrant self-assembly of Aβ peptides leads to nonsoluble, off-pathway
fibrillar aggregates through a multistep mechanism that comprises (primary/secondary)
nucleation, condensation (or elongation) and polymerization (or fibrillation) [12]. Aβ40
and Aβ42 are the main components of the senile plaques. Since antiamyloid drugs tested
in vitro show very similar effects for both peptides, the physicochemical properties of
Aβ40 (viz. higher solubility and lower aggregation propensity relative to Aβ42) make
this peptide to be a suitable choice for exploring the aggregation kinetics and the effect of
potential antiaggregating agents by means of in vitro assays [13,14]. Interestingly, it has
been noticed that acetylcholinesterase (AChE) consistently colocalizes with the amyloid
deposits and accelerates the Aβ peptide assembly into Alzheimer-type aggregates, increas-
ing their neurotoxicity [15,16]. Furthermore, aggregation experiments carried out in the
presence of AChE inhibitors (AChEIs) directed against the catalytic (CAS) and peripheral
(PAS) binding sites of AChE showed that only the PAS inhibitors are able to block the effect
of AChE on amyloid formation [17–19].

As a result of the complex etiology of AD, intense research is focused on the develop-
ment of multitarget compounds that encode the linkage of both synthetic and naturally
occurring scaffolds [20–22]. Among natural compounds, flavonoids have been investigated
due to their known antioxidant molecules and wide distribution in fruits and vegetables,
making them common components of the human diet [23,24]. Several preclinical studies
have highlighted their potential benefits in the treatment of AD [17,23,24]. In addition to
the antioxidant activity, these benefits have been attributed to their activity as inhibitors of
ChE [25,26], as well as to their Aβ antiaggregating effect [27,28]. AChE inhibitory activities
in the micromolar range have been reported, and it has been shown that the IC50 values
were dependent on the substitution pattern of the chemical scaffold [26,29]. Neverthe-
less, less attention has been paid to the relationship between the inhibitory activities and
the molecular structure of these compounds. On the other hand, certain flavonoids like
(-)-epigallocatechin-3-gallate are able to disrupt Aβ fibrillization, generating off-target
oligomers [30]. Remarkably, several studies have pointed out that the presence of a catechol
moiety might be responsible for the formation of covalent adducts with Aβ [27,31,32].
However, more studies are needed to elucidate the specific mechanisms of action of such
flavonoids that prevent the formation of Aβ aggregates.

In this context, the present study aims at providing a comprehensive analysis of the
potential AChE inhibition and Aβ antiaggregating activity of flavonoids, paying particular
attention to the potential effect of AChE in promoting the formation of Aβ fibrils and how
the presence of flavonoids may affect the interaction between AChE and Aβ [15,16]. To
this end, apigenin and quercetin (Figure 1) have been chosen as representative flavonoids,
and their activity against AChE and Aβ aggregation has been determined by using a
combination of in vitro/in cellulo and in silico studies. The analysis is based on (i) the
study of the role played by these molecules on the aggregation of Aβ40, through the
determination of the time-course kinetics parameters, and the analysis of the molecular
aggregates obtained by dynamic light scattering, infrared spectroscopy and transmission
electron microscopy; (ii) the investigation of their effect on the AChE-induced aggregation
of Aβ; (iii) the analysis of the inhibition of the AChE activity, considering the inhibition
mechanism of the enzymatic activity and the ligand-induced quenching of the enzyme
fluorescence; and (iv) finally, the study of the antioxidant activity (i.e., analysis of the
production of free radicals in their presence).
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2. Materials and Methods
2.1. Reagents

Aβ40 was purchased from Bachem (Bubendorf, Switzerland). Thioflavin-T (ThT),
acetylcholinesterase from Electrophorus electricus (AChE), acetylthiocholine iodide (>99.0%),
5,5′-dithiobis(2-nitrobenzoic acid) (DTNB, >98.0%), quercetin and apigenin were obtained
from Sigma-Aldrich. All solutions were prepared using native buffer (50 mM TRIS; 150 mM
NaCl; pH 7.5).

2.2. Preparation of Aggregate-Free Aβ

Aβ40 (1 mg) was solubilized in 500 µL of 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP)
under vigorous stirring at room temperature for 1 h. The resulting solution was soni-
cated for 30 min and subsequently stirred at room temperature for 1 h. The solution was
maintained at 4 ◦C for 30 min to avoid solvent evaporation during aliquot collection. To
eliminate possible insoluble materials, the samples were filtered over 0.22 µm filters. Lastly,
aliquots of soluble Aβ were collected, and the HFIP was evaporated under a gentle stream
of dinitrogen. The samples were stored at −20 ◦C.

2.3. In Vitro Aβ40 Aggregation Assays

Aβ samples were resuspended in 50 µL of DMSO, and the monomers were solubilized
through sonication for 10 min. Typically, a solution containing Aβ40 (20 µM), 50 µL of
DMSO, 850 µL of native buffer and 100 µL of ThT is used to study the formation of fibrils.
This solution is split into two parts; 10 µL AChE (from a stock solution of 200 µM) is added
to one of them. These two solutions (V = 500 µL) are split again giving four solutions
(V = 250 µL), two of them containing AChE. A 0.5 µL volume of inhibitor (10 mM) was
added to one of the samples containing AChE. The samples are subsequently incubated at
37 ◦C for 24 h. The controls are incubated at 4 ◦C for 24 h. Fluorescence spectroscopy with
ThT (λex = 445 nm; λem = 480 nm) was used to detect the formation of Aβ fibrils with an
Aminco-Bowman Series 2 luminescence spectrophotometer (Aminco-Bowman AB2, SLM
Aminco, Rochester, NY, USA).

2.4. Aggregation Assay Analysis

The amyloid aggregation is analyzed considering an autocatalytic reaction, applying
Equation (1):

f =
ρ{exp[(1 + ρ)kt]− 1}
1 + ρ·exp[(1 + ρ)kt]

(1)

where f is the fraction of Aβ in fibrillar form; the rate constant k includes the kinetic
contributions arising from the formation of nuclei from monomeric Aβ, and the elongation
of fibrils, which are, respectively, described by the rate constants kn and ke; and ρ is a
dimensionless parameter that describes the kn/k ratio. Equation (1) is obtained under the
boundary conditions of t = 0 and f = 0, where k = kea (a being the protein concentration). By
nonlinear regression of f against t, the values of ρ and k can be determined, and from them,
ke and kn, which are the elongation and nucleation kinetic rate constants, respectively [33].
The extrapolation of the linear portion of the sigmoid curve to the abscissa (f = 0), and to
the highest ordinate value of the fitted plot, affords two values of time (t0 and t1), which
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correspond to the lag time and the end-time reaction, respectively. The time at which half
of the protein is aggregated (i.e., when f = 0.5) is defined as the time of half-aggregation
(t1/2) [33].

2.5. AChE Inhibition Assay

A solution containing 25 µL of acetylthiocholine iodide (ATC) (1.2 × 10−2 mol·L−1),
250 µL of 5,5′-dithiobis(2-nitrobenzoic acid (DTNB) (2.5 × 10−2 mol·L−1) and 825 µL of
native buffer (NB) (pH 8.0) is prepared. The study sample is obtained by adding 3 µL
of flavonoid solution (1 mM) to 57 µL of the previous solution. The reaction starts when
40 µL of AChE (0.08 U mL−1) are added to the resulting mixture; the reaction is followed
at 412 nm (absorbance) for 2 min. The inhibition (%) of AChE activity is obtained using
Equation (2):

Inh(%) =
{(

Acontrol − Asample

)
/Acontrol

}
·100% (2)

where Inh(%) is the inhibitory percentage; Asample is the absorbance of the sample
containing the flavonoid; and Acontrol is the absorbance of the control, namely the
sample without flavonoid.

2.6. Fluorescence Quenching Study

The fluorescence emission of AChE was recorded from 300 to 400 nm using an ex-
citation wavelength of 276 nm. The fluorescence intensity was measured at 335 nm. A
solution consisting of 40 µL of AChE (0.2 µM) in 100 µL of native buffer (pH 8.0) was used
in which 0.5–10 µL of a 10 µM solution of the tested flavonoids was added sequentially.
The fluorescence emission was recorded after each addition.

The fluorescence quenching was obtained by applying the Stern–Volmer equation
(Equation (3)):

F0/F = 1 + Kqτ0[Q] = 1 + Ksv[Q] (3)

where F0 and F represent the fluorescence intensities in the absence and presence of
flavonoid, respectively; [Q] is the concentration of the flavonoid tested; Kq is the quenching
rate constant; τ0 is the average lifetime; and Ksv is the Stern–Volmer quenching constant.

The binding constant was determined using Equation (4), which illustrates the re-
lationship between the fluorescence quenching intensity and the concentration of the
tested flavonoid.

log{(F0/F)/F} = logKa + nlog[Q] (4)

where Ka is the binding constant, and n is the number of binding sites per AChE molecule.
The assays were performed in triplicates, and SD values <5% were obtained in all cases.

2.7. Specific Antioxidant Activity Assay

The assay based on 2,2-diphenyl-1-picrylhydrazyl (DPPH) was carried out as described
in the literature [34]. Increasing amounts of the polyphenol to be tested were added to
a freshly prepared methanolic solution of DPPH (final DPPH concentration of 25 µM).
Flavonoid stock solutions were prepared in DMSO. The sample solutions were incubated
for 5 min, and the absorbance was recorded from 475 to 525 nm; DPPH indeed exhibits
strong absorbance at 517 nm. The percentage of free radical inhibition was calculated using
Equation (2) (see above). The assays were performed in triplicates, and SD values <5%
were obtained in all cases.

2.8. Inhibition Kinetics

The mechanism of AChE enzymatic inhibition was determined using Lineweaver–Burk
reciprocal plots. Briefly, a solution (sol A) containing 200 µL of DTNB (1.5 × 10−3 mol·L−1),
16 µL of AChE (0.5 U·mL−1), 9 µL of flavonoid (at the required concentration) and 665 µL
of NB were prepared. Then, 200 µL of sol A was mixed with 1, 2, 3 or 4 µL of ATC
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(15 × 10−3 mol·L−1) to start the reaction that was followed at 412 nm (absorbance) for
2 min, allowing to obtain the enzymatic ratio.

The results were plotted on a graph of 1/v in µM−1·s vs. 1/[ATC] in mM−1, and
the lines, obtained from the linear regression using Prism software, were extrapolated
to determine the intersection points on the abscissa and ordinate axes. The points of
intersection allow identifying the type of inhibitor. From these plots, the KM and vMAX for
each inhibitor were obtained.

2.9. Dynamic Light Scattering (DLS) Assays

A solution containing Aβ40 (20 µM), 50 µL of DMSO and 950 µL of native buffer
was used. This solution was split; 10 µL of AChE was added to one of the solutions. The
two solutions (of 500 µL) were again split, giving four solutions of 250 µL, two of them
containing AChE. A 0.5 µL volume of inhibitor (10 mM) was subsequently added to all
samples. The samples containing AChE were incubated at 37 ◦C for 24 h and the controls
at 4 ◦C for 24 h. The particles suspended in liquids (PSD) were measured with DLS.

2.10. Fourier-Transform Infrared Spectroscopy (ATR-FTIR)

Attenuated total reflectance–FTIR spectra of lyophilized samples were registered
with an FTIR Thermo Scientific Nicolet iS5 spectrometer equipped with a diamond ATR
iD7 device. Each spectrum accumulated 64 independent scans, measured at a spectra
resolution of 2 cm−1 within the range 4000–550 cm−1. All spectral data were acquired and
baseline-corrected using the Omnic v9.2 software.

2.11. Transmission Electron Microscopy (TEM)

Carbon-coated copper grids of 200 mesh were activated through glow discharge for
30 s. Immediately after, the samples were deposited onto the grids, which were thoroughly
washed with Milli-Q water. Then, the grids were treated with UranyLess and left to dry in
a desiccator for at least 24 h prior to visualization by TEM. The samples were visualized
using a Tecnai Spirit TWIN (FEI) 120 kV TEM microscope equipped with a LaB6 emitter
and a Megaview 1 k × 1 k CCD.

2.12. AChE Preferential Interaction by SDS-PAGE

Aβ40, purchased from Bachem, was dissolved in 50 µL of DMSO at a concentration of
400 µM, and the monomers were solubilized through sonication for 15 min. Native buffer
(750 µL) was added, and the sample was divided into four aliquots (190 µL). Then, 0.8 µL of
each compound (apigenin or quercetin) at 6 mM in DMSO was added (final concentration of
20 µM) or 0.8 µL of DMSO without compound. Finally, 47.5 µL of AChE (20 µM) was added
to obtain a final concentration of 4 µM. The samples were incubated in a thermomixer
(Eppendorf, Germany) at 37 ◦C and stirred at 1400 rpm for 24 h. The negative control is
left at 4 ◦C. The next day, 100 µL of each sample was mixed with 100 µL of Congo Red
(CR) at 100 µM and incubated at room temperature for 2 h. After incubation, the samples
were precipitated by centrifugation at 16,000× g for 60 min, and the soluble fractions were
analyzed by Mini-PROTEAN® Tris-Tricine Precast Gels (16.5% bis-acrylamide) (Bio-Rad,
Hercules, CA, USA). The gels were stained with Coomassie brilliant blue, scanned at high
resolution, and the bands were quantified with GelEval (FrogDance Software v1.37).

2.13. Computational Details

The binding mode of quercetin to human AChE (hAChE) was investigated by combin-
ing molecular docking, molecular dynamics (MD) simulations, which were used to refine
the binding mode, and free-energy calculations, which were carried out to estimate the
binding affinity.

Docking was performed using three X-ray structures of hAChE (PDB ID 4M0F, 6CQU
and 6O4X; resolution of 2.3 Å) chosen as protein templates in order to consider the distinct
arrangement of residues Tyr337 and Trp286 (numbering in the X-ray structures, correspond-
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ing to Tyr368 and Trp317 in the UniProt sequence P22303), which are located in the catalytic
and peripheral pockets, respectively (Figure S1). Docking of quercetin was performed
using the XP score function of Glide [35]. To this end, we defined an inner/outer box of
40/60 Å centered in the gorge at the midpoint between Tyr317 and Trp286, encompassing
the catalytic and peripheral sites. The best poses obtained for each template were visually
checked, and the best ligand–protein complexes were refined with molecular simulations.

Amber20 was used to run molecular dynamics (MD) simulations [36]. The protein
was described using the ff99SB-ILDN force field [37] and was immersed in a TIP3P water
box [38] with a layer of 12 Å. The parameterization of quercetin was made using the gaff2
force field [39], and the RESP atomic point charges [40] were determined by fitting the
HF/6-31G(d) electrostatic potential. Counterions were adjusted to keep the neutrality of
the system and maintain a physiological ionic atmosphere. Then, a three-step minimization
protocol was used to gradually minimize hydrogen atoms, water molecules and finally the
whole system. The protein–ligand systems were then heated to 300 K in six steps imposing a
Cartesian restraint of 5 kcal mol−1 Å−2 to preserve the binding mode of quercetin, avoiding
the occurrence of artefactual changes during equilibration, at constant pressure (1 bar)
conditions. Starting from the equilibrated structures, three replicas (R1-3) were run for
each system. Production calculations were performed at constant volume and temperature
using SHAKE [41] for bonds involving hydrogen atoms. Electrostatic interactions were
treated with particle mesh Ewald (PME) [42], and a cut-off of 10 Å was established for the
nonbonded interactions. The restraints were gradually removed in the first 25 ns. Finally,
all replicas were run for 300 ns.

The binding mode was assessed by examining the structural stability of the ligand, and
the binding affinity was estimated using the Amber package MMPBSA.py. MM-GBSA [43]
was used to estimate the different contributions to the free energy (Equation (5)). Since
the major aim is to compare distinct binding modes of quercetin, the loss of entropic
contribution due to ligand binding was assumed to cancel for the three binding modes and
was not explicitly considered.

G = Eint + Eel + Evw + Gsol,el + Gsol,n−el − T∆S (5)

In Equation (5), Eint, Eel and Evw stand for the internal, electrostatic and van der
Waals energy terms, respectively; Gsol,el is the electrostatic contribution to the solvation free
energy, which was determined using the generalized Born solvation method; and Gsol,n−el
is the nonpolar contribution to the solvation free energy, which was computed from the
solvent-accessible surface area (SASA).

The binding affinity was determined using Equation (6), and the free energy of each
species (complex, receptor and ligand) was determined for an ensemble of 50 snapshots
taken along the last 50 ns (chosen due to the stability of the RMSD profiles; see below) of
the trajectories run for the protein–ligand complex.

∆Gbind = Gcomplex − Greceptor − Gligand (6)

3. Results and Discussion
3.1. Inhibition of Aβ40 Aggregation

Aβ40 fibrillation was tracked by fluorescence using the specific amyloid dye ThT,
which binds to β-sheet-rich structures giving rise to an increase in the fluorescence. As
illustrated in Figure 2, ThT fluorescence is strong in the presence of amyloid-like aggregates
(green spectrum), whereas it is low in the presence of nonfibrillated Aβ (black dotted spec-
trum). Remarkably, the ThT signal is drastically reduced in the presence of quercetin (red
spectrum) and apigenin (blue spectrum), suggesting that the presence of these compounds
prevents the formation of fibrils (Figure 2). Quercetin is the most effective compound
with 85.1% inhibition when the Aβ/quercetin ratio is 1:1, whereas apigenin leads to 74.8%
inhibition at an equimolar concentration. This finding may be explained by the ability of
flavonoids to intercalate between Aβ peptides and form hydrogen bonds with the peptide
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backbone, hence acting as β-sheet disruptors [30]. The slight difference in inhibitory activ-
ity exhibited by the two flavonoids might reflect the formation of additional interactions
arising from the presence of more hydroxyl groups in quercetin (Figure 1).
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spectrum: aggregation in the presence of apigenin. Conditions: [Quercetin/Apigenin] = 20 µM;
[Aβ40] = 20 µM. The assays were performed in triplicates, and SD values <5% were obtained in all
cases (not shown for the sake of clarity).

To further study the interaction of these flavonoids with Aβ40, time-course kinetics
experiments were carried out in the presence and absence of quercetin and apigenin.
The ThT fluorescence data confirm the inhibitory activity of both compounds, the larger
inhibition being triggered by quercetin (Figure 3 and Table 1).
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Figure 3. Time-course kinetics of Aβ40 aggregation in the absence and presence of quercetin and
apigenin, followed by ThT fluorescence. Green: without flavonoid; blue: with apigenin; red: with
quercetin. Conditions: [Quercetin/Apigenin] = 20 µM; [Aβ40] = 20 µM.

Table 1. Kinetic parameters obtained for the aggregation of free Aβ40, and upon incubation with
apigenin and quercetin.

Aβ40 Aβ40 + Api Aβ40 + Quer

kn (10−5 s−1) 1.83 5.88 8.27
ke (M−1·s−1) 175.73 191.27 80.93

t0 (s) 1060.4 641.0 321.2
t1/2 (s) 1844.1 1315.3 2182.1
t1 (s) 2627.7 1989.6 4043.0

Inhibition (%) 0.0 66.5 74.9
Note: [Aβ40] = 20 µM; [Quercetin/Apigenin] = 20 µM.
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Compared to free Aβ, the nucleation rate constant (kn) is increased by a factor of 3.2
and 4.5 upon incubation with apigenin and quercetin, respectively (Table 1). This suggests
the occurrence of favorable interactions between the compounds and Aβ40 in the first steps
of the nucleation, altering the normal fibrillation pathway, as noticed for other systems
(i.e., with nanoparticles), and may lead to the generation of aggregates in nonamyloid
conformations [44]. In agreement with these kinetic observations, a very recent study has
also concluded that the early formation of Aβ40/quercetin complexes entails an increase in
the concentration of nonproductive oligomers (off-pathway Aβ-quercetin oligomers) as a
potential mechanism for quercetin action [45]. Interestingly, the elongation rate (ke) is not
affected in the case of apigenin, or reduced by a factor of two in the case of quercetin. The
presence of these flavonoids also reduces the lag time t0, this effect being more pronounced
for quercetin. Conversely, t1/2 and t1 are reduced in the presence of apigenin, whereas they
are increased with quercetin.

3.2. Inhibition of Aβ40 Aggregation Induced by AChE

AChE contains an α/β hydrolase fold with the catalytic active site (CAS) located
at the end of a deep (ca. 20 Å long) gorge. A peripheral anionic site (PAS) is found at
the entrance of the gorge and modulates the entry of small molecules, viz. substrates or
inhibitors [46,47]. Since AChE accelerates Aβ40 aggregation and facilitates the formation of
Aβ plaques [15–19,48], research efforts have been devoted to designing small compounds,
including flavonoids, that target the catalytic and peripheral sites of AChE [25,49–52].

As shown in Figure 4, the AChE-induced fibrillation of Aβ40 is reduced by 30.3 and
55.4% in the presence of apigenin and quercetin, respectively. The inhibition triggered by
the two flavonoids on the AChE-induced aggregation of Aβ is lower compared with the
inhibitory activity determined in the absence of the enzyme (see Figures 1 and 3). This
difference can be attributed to the binding of the flavonoids to AChE, thus reducing the
effective amount available to interact with Aβ40. Since the AChE-induced Aβ40 aggre-
gation reflects the formation of Aβ40/AChE complexes, we performed a centrifugation
assay of the aggregated Aβ40/AChE samples in the presence and absence of apigenin and
quercetin to further check the effect of these flavonoids on the formation of Aβ40 fibrils.
The supernatant (containing soluble AChE) was separated from the pellet (containing
AChE coprecipitated with Aβ40 fibrils) and was analyzed by SDS-PAGE. Under reducing
conditions, Electric eel AChE (EeAChE) appears as two main bands comprising between 50
and 75 kDa (Figure S2), which agrees with the results reported in previous studies [53–55].
The concentration of soluble AChE is drastically reduced when Aβ40 is aggregated in the
absence of inhibitors due to the interaction between Aβ40 and AChE. In the presence of
apigenin, a large reduction of the bands is also observed. In contrast, in the presence of
quercetin, the two main bands typical of soluble AChE can be noticed, albeit showing a
slight reduction of 15%, suggesting that binding of quercetin to AChE seems to be more
effective in preventing the AChE-induced Aβ40 aggregation.

Time-course kinetics experiments of the AChE-induced Aβ40 aggregation were sub-
sequently carried out. Compared to the data obtained without AChE (Table 1), the rate
of the nucleation process is reduced by a factor of ~2 in the presence of AChE, but this is
counterbalanced by a similar increase in the elongation rate constant, which is accompanied
by a decrease in the half-aggregation time (t1/2) (Table 2). Incubation with quercetin and
apigenin increases the value of kn by 2.4- and 3.3-fold, respectively (Table 2 and Figure 5),
thus showing an attenuation of the effect relative to the absence of AChE (it can be noted
that kn increased by 3.2-and 4.5-fold in the presence of apigenin and quercetin, respectively;
Table 1). This feature can be attributed to the binding of apigenin and quercetin to AChE
(see below). However, the elongation constant ke remains mostly unaltered, suggesting
that apigenin and quercetin interact mainly with species formed at the early stages of the
aggregation. Inspection of Table 2 shows that quercetin gives rise to a larger change in
the kinetic parameters obtained for the AChE-induced aggregation of Aβ40 compared to
apigenin, which may reflect differences in the interaction of the two flavonoids with AChE.
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Figure 4. Effect of quercetin and apigenin on the AChE-induced fibrillation of Aβ40. The samples
were incubated at 37 ◦C for 24 h and ThT fluorescence emission spectra were recorded in the range
465–600 nm. Green spectrum: typical aggregation of Aβ; black dotted spectrum: Aβ monomers
incubated at 4 ◦C (negative control); red spectrum: aggregation in the presence of quercetin; blue
spectrum: aggregation in the presence of apigenin. Conditions: [Quercetin/Apigenin] = 20 µM;
[Aβ40] = 20 µM; [AChE] = 4 µM. The assays were performed in triplicates, and SD values <5% were
obtained in all cases (not shown for the sake of clarity).

Table 2. Kinetic parameters obtained for the AChE-induced aggregation of free Aβ40, Aβ40 with
apigenin and Aβ40 with quercetin.

Aβ40 + AChE Aβ40 + AChE + Api Aβ40 + AChE + Quer

kn (10−5 s−1) 0.80 2.57 1.92
ke (M−1·s−1) 309.0 246.2 333.7

t0 (s) 868.6 736.8 481.9
t1/2 (s) 1360.0 1323.2 1096.2
t1 (s) 1851.3 1909.6 1710.6

Inhibition (%) 0.0 25.5 57.9
Note: [Aβ40] = 20 µM; [Quercetin/Apigenin] = 20 µM.
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Figure 5. Time-course kinetics of AChE-induced Aβ40 aggregation in the absence and presence of the
two flavonoids quercetin and apigenin, followed by ThT fluorescence. Green: without flavonoid; blue:
with apigenin; red: with quercetin. Conditions: [Quercetin/Apigenin] = 20 µM; [Aβ40] = 20 µM.

3.3. Structure of Aβ40 and AChE-Induced Aβ40 Aggregates

Transmission electron microscopy (TEM), dynamic light scattering (DLS) and Fourier-
transform infrared spectroscopy (FTIR) were used to gain insight into the inhibitory effect
of quercetin and apigenin on Aβ aggregation. The TEM images show clear macroscopic
differences between the different samples (Figure 6). Comparison between the flavonoid-
free aggregation of Aβ in the absence or presence of AChE reveals that the fibers are
structurally analogous. However, they tend to assemble in the presence of AChE (Figure 6,
top). Significant alterations of the quaternary fibril structure occur upon incubation with
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the two flavonoids (with and without AChE present; Figure 6, middle and bottom). Thus,
besides the presence of amorphous species, the fibrillar structures seem to be shorter when
the flavonoids are present. It can be pointed out that the presence of amorphous aggregates
agrees with the reduction of the ThT signal observed in Figures 1 and 3, confirming the
inhibitory effect exerted by flavonoids on Aβ aggregation.
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Figure 6. TEM images of Aβ40 fibrils generated without (left) and with (right) AChE, and in the
absence (top) or presence of the flavonoids apigenin (Api; middle) and quercetin (Quer; bottom).
Scale bars: 200 nm.

DLS measurements were performed to determine the final size of aggregates. Al-
though this technique only allows the analysis of structures of discrete size, it can perceive
structural changes at the macroscopic level [56,57]. Interestingly, the fibrils formed in
the presence of AChE appear to be half the size of those generated without enzymes
(Table 3). The flavonoids affect the Aβ aggregation both in the presence and absence of
AChE. In this latter case, there is a size reduction of 25 and 50% for apigenin and quercetin,
respectively (Table 3). In contrast, with AChE, the size of aggregates is practically not
altered (only a small reduction is observed in the presence of quercetin), indicating that the
macromolecular structure of the fibrils is not noticeably changed by the flavonoids.

Table 3. Size distributions and polydispersity (PDI) of Aβ40 fibrils generated without and with
AChE, and in the absence or presence of apigenin and quercetin, determined by dynamic light
scattering (DLS).

z-Average dm./nm PDI

Aβ40 3074 0.59
Aβ40 + Apigenin 2399 0.56
Aβ40 + Quercetin 1402 0.46

Aβ40AChE 1547 0.42
Aβ40AChE + Apigenin 1585 0.58
Aβ40AChE + Quercetin 1351 0.60
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Finally, the secondary structure of the aggregates obtained under the different ex-
perimental conditions was investigated by ATR-FTIR. After deconvolution of the amide I
region of the spectra, two important peaks are observed at 1611 and 1631 cm−1 (Table 4),
which are assigned to inter- and intramolecular β-sheet structures, respectively [58]. All
the FTIR patterns (shown in Figure 7) are highly similar, supporting the presence of similar
secondary structure content in all conditions.

Table 4. Absorption peaks characterizing the secondary structure of Aβ40, determined by FTIR
spectroscopy.

Peak Peak (cm−1) Area (%)

1 1611.1 31.4
2 1631.0 24.6
3 1650.1 6.1
4 1668.1 37.8
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Figure 7. FTIR patterns centered in the amide I region of Aβ40 for different samples after 24 h
of incubation. Black spectrum: free Aβ; green spectrum: Aβ + apigenin; dark-blue spectrum:
Aβ + quercetin; red spectrum: Aβ + AChE; light-blue spectrum: Aβ + AChE + apigenin; orange
spectrum: Aβ + AChE + quercetin.

3.4. Inhibition of AChE Activity by Apigenin and Quercetin

The AChE activity was determined using the well-known spectrophotometric Ellman’s
assay using several enzymatic concentrations [59]. As illustrated in Figures 8 and S3, the
enzymatic activity decreases when the concentration of flavonoid is increased. Half-
maximal inhibitory concentrations (IC50) were found to be 52.9 and 40.7 µM for apigenin
and quercetin, respectively, which suggests a slightly stronger interaction of quercetin with
the enzyme, most likely due to the additional hydroxyl groups (Figure 1). Lineweaver–
Burk plots (Figure 9) point out that the flavonoids are noncompetitive inhibitors, as they
trigger a reduction in Vmax (free enzyme: 3.94 µM·s−1; with apigenin: 1.28 µM·s−1; with
quercetin: 1.74 µM·s−1), but have little impact on the KM (free enzyme: 0.15 µM; with
apigenin: 0.15 µM·s−1; with quercetin: 0.20 µM·s−1).

3.5. Fluorescence Quenching of AChE

The interaction of the flavonoids with AChE was investigated through the quenching
of the fluorescence of AChE. The binding of both flavonoids to AChE substantially quenches
its fluorescence, as noted in the change observed in the fluorescence spectra of AChE in the
presence of increasing amounts of apigenin and quercetin (Figure S4a and S4b, respectively).
These findings suggest that apigenin and quercetin may bind to pockets containing Trp
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residues, such as Trp86 in the catalytic site and Trp286 in the peripheral site (Figure S1).
However, the noncompetitive mechanism observed for the AChE inhibition exerted by the
two compounds supports the binding to the peripheral site (see above).
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As illustrated in Figure 10a, the intensity of AChE fluorescence decreases rapidly
when apigenin or quercetin are added, this effect being slightly larger for apigenin. The
quenching effect of the two flavonoids was estimated using the Stern–Volmer equation
(Figure 10b), and the binding affinities of quercetin and apigenin for AChE were then
estimated from the plots log{(F0/F)/F} vs. log[flavonoid] (Figure 10c). Both flavonoids
bind to AChE in a 1:1 stoichiometry, the affinity constant for apigenin being 4-fold higher
than that of quercetin (Table 5). The data suggest that apigenin would be more effective
than quercetin in blocking the effect of AChE on amyloid formation, in agreement with
the findings reported by Inestrosa and coworkers [17,18]. Furthermore, this would also
justify the larger resemblance observed for the kinetic parameters determined for the
AChE-induced aggregation of Aβ40 in the absence and presence of apigenin (see Table 2).

Table 5. Binding affinities (Ka) and numbers of binding sites (n) for the interaction of apigenin and
quercetin with AChE.

AChE + Apigenin AChE + Quercetin

Ka (106 M−1) 0.53 0.13
n 1.09 1.01
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Figure 10. Fluorescence quenching of AChE by quercetin and apigenin (Drug in the plots). (a) Intrinsic
fluorescence emission of AChE upon addition of increasing amounts of quercetin (red) and apigenin
(blue). (b) Stern–Volmer plots, viz. F0/F vs. [flavonoid] showing the quenching of AChE fluorescence
in the presence of increasing amounts of quercetin (red) and apigenin (blue). (c) Relationship between
the binding affinities and the numbers of binding sites for the interaction between AChE and apigenin
(blue) and between AChE and quercetin (red). λexc = 275 nm, λem = 332 nm.

3.6. Computational Study of the Binding Mode of Quercetin to AChE

To explore the molecular basis of the AChE inhibition, the binding mode of quercetin
to AChE was investigated by combining molecular docking and MD simulations. Although
the AChE inhibitory activity was experimentally determined using the Electrophorus elec-
tricus enzyme (eeAChE), computational studies were performed considering the X-ray
crystallographic structures of hAChE deposited in the Protein Data Bank with codes 4M0F,
6CQU and 6O4X. This choice was motivated by several reasons. First, the lack of crystallo-
graphic structures for the eeAChE enzyme, since the low resolution achieved in previous
studies impeded the modeling of the details of the backbone and side chains [53]. Second,
the large preservation of the residues that shape the catalytic and peripheral binding sites
suggests that the ligand will adopt a similar binding mode in both eeAChE and hAChE.
For instance, only three differences can be noticed for the residues in the peripheral site:
two correspond to two conserved replacements (Ile267 and Leu289 in eeAChE by V282 and
Ile294 in hAChE, respectively), and the third involves the change of Gly288 in eeAChE by
Ser293 in hAChE, but this substitution is located on the edge of the binding pocket. Third,
the large number of ligand complexes available with hAChE permits the identification of
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ligand-adapted conformational changes in certain residues, such as Tyr337 in the catalytic
pocket and Trp286 in the peripheral site, which can be found in distinct arrangements
(Figure S1), as was noticed in earlier studies [60,61]. Keeping in mind the sensitivity of
docking to the positional details of residues, it is then convenient to perform these cal-
culations considering the X-ray structures 4M0F, 6CQU and 6O4X as templates in order
to explore the effect of the conformational rearrangements of Tyr337 and Trp286 on the
binding pose of quercetin.

The docking results pointed out a preferential binding of quercetin at the peripheral
site in all cases, excluding the feasibility of binding at the catalytic site. Remarkably, this
agrees with the noncompetitive inhibition mechanism found for this compound (see above)
and previous studies that reported that only PAS inhibitors can block the AChE-induced
aggregation [17–19].

The score of the top-ranked poses ranged from −11.9 to −6.1 kcal·mol–1. The best
pose was obtained in the docking to 4M0F and 6O4X (−11.9 and −10.6 kcal·mol–1, respec-
tively), likely reflecting the formation of π–π stacking interactions between quercetin and
both Trp286 and Tyr341. In contrast, an outer pose was found in the docking to 6CQU
(−6.1 kcal·mol–1), though still retaining contact with Trp286. In line with these results, the
top-ranked binding modes obtained for 4M0F, 6O4X and 6CQU were refined by means of
MD simulations. The RMSD profile obtained for the protein backbone was stable along
the trajectories, and only minor adjustments were observed for the residues that shape the
peripheral site, as expected from the solvent exposure of this binding pocket (Figure S5).
However, the RMSD profile of the ligand often reflected structural rearrangements in the
first 50 ns, and then remained stable till the end of the trajectory. The final arrangement
adopted by the ligand at the peripheral site is shown in Figure 11.
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Figure 11. Five selected binding modes for quercetin (carbon atoms in green) with different human
AChE systems. (a) 6CQU—Replica 1 (carbon atoms in magenta), (b) 6CQU—Replica 2 (carbon atoms
in orange), (c) 4M0F—Replica 2 (carbon atoms in light blue), (d) 4M0F—Replica 3 (carbon atoms in
yellow) and (e) 6O4X—Replica 3 (carbon atoms in cyan). Selected residues in the binding pocket are
indicated as bold text. Dashed lines represent interatomic distance (values in Å).

For 6CQU, two replicas (Figure 11a,b) exhibited a similar binding mode characterized
by π–π stacking interactions with Trp286 and Tyr124, which was transiently assisted by
the formation of a hydrogen bond between the hydroxyl group in Position 7 of the 4H-
chromen-4-one moiety and Glu285, and between the hydroxyl group at Position 4 and
Asp74. In the simulations run for 4M0F complexes, two putative binding modes were
found for quercetin (Figure 11c,d). In both configurations, the 4H-chromen-4-one ring is
exposed to the solvent, mainly due to the different arrangement of Trp286, which forms a
π–π interaction. Moreover, quercetin is hydrogen-bonded to the backbone units of Phe338
and Pro290. Finally, for 6O4X runs, only one binding mode was retained (Figure 11e).
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Again, Trp286, with a different orientation with respect to the other cases, forms a stacking
interaction with quercetin, which is further assisted by the stacking with Tyr341 and
hydrogen bonds with Tyr77 and Thr83.

The contributions to the binding affinity determined for these poses are shown in
Table 6. Broadly speaking, the estimated ∆Gbind values indicate that 6CQU—Replica 1
(−21.0 kcal·mol–1) and 4M0F—Replica 3 (−21.3 kcal·mol–1) are the most stable complexes,
followed by 6CQU—Replica 2 (−19.6 kcal·mol–1), 4M0F—Replica 2 (−17.2 kcal·mol–1) and
6O4X—Replica 3 (−16.6 kcal·mol–1). This reflects the potential capabilities conferred by
the hydroxyl groups attached to the core of this flavonoid, suggesting that the interaction
of quercetin at the peripheral site may involve more than a single binding mode.

Table 6. Binding affinities (Ka) and numbers of binding sites (n) for the interaction of apigenin and
quercetin with AChE.

Models ∆Evw ∆Eel ∆Gsol,el ∆Gsol-n-el ∆Gbind

6CQU—Replica 1 −35.2 ± 2.1 −41.7 ± 4.9 −41.7 ± 4.9 −41.7 ± 4.9 −21.0 ± 2.5
6CQU—Replica 2 −36.0 ± 2.2 −25.8 ± 4.3 −25.8 ± 4.3 −25.8 ± 4.3 −19.6 ± 2.8
4M0F—Replica 2 −34.0 ± 2.2 −24.7 ± 6.8 −24.7 ± 6.8 −24.7 ± 6.8 −17.2 ± 3.0
4M0F—Replica 3 −37.1 ± 1.9 −25.9 ± 4.3 −25.9 ± 4.3 −25.9 ± 4.3 −21.3 ± 2.5
6O4X—Replica 3 −33.8 ± 2.6 −44.6 ± 8.3 −44.6 ± 8.3 −44.6 ± 8.3 −16.6 ± 2.9

3.7. Radical Scavenging Properties of the Flavonoids

The antioxidant properties of some antiamyloid agents may represent a beneficial
factor, contributing to their global antiaggregation activities. The radical scavenging abilities
of apigenin and quercetin were thus studied using DPPH. As illustrated in Figure 12b,
the absorbance of DPPH at 517 nm decreases with the addition of increasing amounts
of quercetin. In contrast, no effect was observed with apigenin (Figure 12a). Quercetin
concentrations in the low micromolar range (≤3 µM; Table 7) were able to totally quench
the absorbance of the DPPH radical (Figure 12b), suggesting that quercetin may be capable
of reducing the oxidative stress, namely by eliminating ROS.

Pharmaceutics 2022, 14, x FOR PEER REVIEW 16 of 20 
 

 

 
Figure 12. Radical scavenging abilities of (a) apigenin and (b) quercetin, determined through the 
absorbance of DPPH at 517 nm, using increasing concentrations of the flavonoids. 

Table 7. Radical scavenging capacity (RSC, in %) of apigenin and quercetin, determined by their 
ability to quench the absorbance of the DPPH radical. 

[Quercetin/Apigenin]/μM Apigenin RSC (%) Quercetin RSC (%) 
1 −0.1 30.2 
2 1.8 65.1 
3 0.2 99.3 
4 2.4 100.9 

10 −0.7 100.1 
100 2.9 99.7 

Note: Standard deviation < 5%. 

4. Conclusions 
The results obtained in the present study reveal the effects exerted by flavonoids 

apigenin and quercetin on the interplay between (i) the inhibition of the enzymatic activity 
of AChE, (ii) the formation of Aβ40 fibrils and (iii) the AChE-promoted Aβ aggregation. 

The reduction in the formation of Aβ fibrils observed in the presence of quercetin 
and apigenin is reflected by the increase in the nucleation rate constant and the decrease 
in the lag time t0 relative to free Aβ, suggesting the occurrence of favorable interactions 
between these compounds and Aβ40 in the first steps of the aggregation, altering the nor-
mal fibrillation pathway. The presence of AChE leads to a notable reduction of the time 
required to complete the Aβ fibrillation; the analysis of the kinetics parameters reflects 
that the reduction of the nucleation process is counterbalanced by an increase in the elon-
gation rate constant, leading to a decrease in the half-aggregation time. Incubation with 
apigenin and quercetin alters the influence exerted by AChE on Aβ40 aggregation, lead-
ing to an inhibition of 25.5 and 57.9%, respectively. Nevertheless, the extent of this effect 
is clearly mitigated compared with the antiaggregating activity of these compounds in the 
absence of AChE, as the inhibition was 66.5 and 74.9% for apigenin and quercetin, respec-
tively. 

Figure 12. Radical scavenging abilities of (a) apigenin and (b) quercetin, determined through the
absorbance of DPPH at 517 nm, using increasing concentrations of the flavonoids.



Pharmaceutics 2022, 14, 2342 16 of 19

Table 7. Radical scavenging capacity (RSC, in %) of apigenin and quercetin, determined by their
ability to quench the absorbance of the DPPH radical.

[Quercetin/Apigenin]/µM Apigenin RSC (%) Quercetin RSC (%)

1 −0.1 30.2
2 1.8 65.1
3 0.2 99.3
4 2.4 100.9
10 −0.7 100.1

100 2.9 99.7
Note: Standard deviation <5%.

4. Conclusions

The results obtained in the present study reveal the effects exerted by flavonoids
apigenin and quercetin on the interplay between (i) the inhibition of the enzymatic activity
of AChE, (ii) the formation of Aβ40 fibrils and (iii) the AChE-promoted Aβ aggregation.

The reduction in the formation of Aβ fibrils observed in the presence of quercetin
and apigenin is reflected by the increase in the nucleation rate constant and the decrease
in the lag time t0 relative to free Aβ, suggesting the occurrence of favorable interactions
between these compounds and Aβ40 in the first steps of the aggregation, altering the
normal fibrillation pathway. The presence of AChE leads to a notable reduction of the time
required to complete the Aβ fibrillation; the analysis of the kinetics parameters reflects that
the reduction of the nucleation process is counterbalanced by an increase in the elongation
rate constant, leading to a decrease in the half-aggregation time. Incubation with apigenin
and quercetin alters the influence exerted by AChE on Aβ40 aggregation, leading to an
inhibition of 25.5 and 57.9%, respectively. Nevertheless, the extent of this effect is clearly
mitigated compared with the antiaggregating activity of these compounds in the absence
of AChE, as the inhibition was 66.5 and 74.9% for apigenin and quercetin, respectively.

The reduction of the antiamyloid activity of the flavonoids in the presence of AChE is
indicative of interactions between the flavonoids and AChE. The noncompetitive mech-
anism observed in the enzymatic inhibition assays, together with the decrease in the
fluorescence of the enzyme (presumably due to the interaction with Trp286), agrees with
an interaction of apigenin and quercetin at the peripheral site of the enzyme, as also shown
by molecular modeling studies, which reveal the interaction with Trp286. Noteworthy, the
lower association constant determined for the binding of quercetin to AChE provides a
basis to justify the larger effect observed on the kinetics of the AChE-induced aggregation.

Overall, these findings suggest that a proper choice of the chemical groups that
decorate the flavonoid scaffold can be exploited to finely tune the balance between the
AChE inhibition, Aβ40 fibrillation, and AChE-Aβ interaction. In conjunction with the
antioxidant properties (relief of oxidative stress) and the ability to reach the central nervous
system [62], flavonoids with a suitably decorated scaffold might be used as coadjutant
agents or be incorporated in multitarget compounds for the treatment of AD.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/pharmaceutics14112342/s1, Figure S1: Representation of the
conformational variability found for residues Tyr337 in the catalytic site, and Trp286 in the peripheral
site, as found in the X-ray structures 4M0F, 6CQU and 6O4X. The protein backbone is shown as a gray
cartoon. View along the axis that leads from the peripheral site to the catalytic site along the gorge;
Figure S2: AChE preferential interaction determined by SDS-PAGE experiments. Supernatant fraction
of Aβ40 aggregation induced by AChE in the presence and absence of the flavonoids; Figure S3:
AChE activity. (a) Time evolution of the absorbance at 412 nm for different AChE concentrations.
(b) Activities of different AChE concentrations using Elman’s assay. (c) Values of the slopes obtained
for various AChE concentrations; Figure S4: Quenching effect of (a) apigenin and (b) quercetin on the
intrinsic AChE fluorescence. [AChE] = 0.02 µM; [Apigenin or quercetin] = 0 to 1 µM. λexc = 275 nm,
λem = 332 nm; Figure S5: RMSD profile (light color) determined for the backbone atoms (in green),

https://www.mdpi.com/article/10.3390/pharmaceutics14112342/s1
https://www.mdpi.com/article/10.3390/pharmaceutics14112342/s1
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heavy atoms in the binding site (in red), and heavy atoms in the ligand (in blue) for simulations of
AChE-quercetin complexes (values averaged every 50 snapshots are shown in dark color).
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References
1. Jakob-Roetne, R.; Jacobsen, H. Alzheimer’s Disease: From Pathology to Therapeutic Approaches. Angew. Chem. Int. Ed. 2009, 48,

3030–3059. [CrossRef] [PubMed]
2. Dumurgier, J.; Sabia, S. Epidemiology of Alzheimer’s Disease: Latest Trends. Rev. Prat. 2020, 70, 327–406. [CrossRef]
3. Reitz, C.; Brayne, C.; Mayeux, R. Epidemiology of Alzheimer Disease. Nat. Rev. Neurol. 2011, 7, 137–152. [CrossRef]
4. Calabrò, M.; Rinaldi, C.; Santoro, G.; Crisafulli, C. The Biological Pathways of Alzheimer Disease: A Review. AIMS Neurosci.

2021, 8, 86–132. [CrossRef]
5. Francis, P.T.; Palmer, A.M.; Snape, M.; Wilcock, G.K. The Cholinergic Hypothesis of Alzheimer’s Disease: A Review of Progress. J.

Neurol. Neurosurg. Psychiatry 1999, 66, 137–147. [CrossRef] [PubMed]
6. Greig, N.H.; Utsuki, T.; Yu, Q.; Zhu, X.; Holloway, H.W.; Perry, T.; Lee, B.; Ingram, D.K.; Lahiri, D.K. A New Therapeutic Target in

Alzheimer’s Disease Treatment: Attention to Butyrylcholinesterase. Curr. Med. Res. Opin. 2001, 17, 159–165. [CrossRef] [PubMed]
7. Anand, P.; Singh, B. A Review on Cholinesterase Inhibitors for Alzheimer’s Disease. Arch. Pharmacal Res. 2013, 36, 375–399.

[CrossRef] [PubMed]
8. Hamley, I.W. The Amyloid Beta Peptide: A Chemist’s Perspective. Role in Alzheimer’s and Fibrillization. Chem. Rev. 2012, 112,

5147–5192. [CrossRef]
9. Du, X.; Wang, X.; Geng, M. Alzheimer’s Disease Hypothesis and Related Therapies. Transl. Neurodegener. 2018, 7, 2. [CrossRef]
10. Marucci, G.; Buccioni, M.; Ben, D.D.; Lambertucci, C.; Volpini, R.; Amenta, F. Efficacy of Acetylcholinesterase Inhibitors in

Alzheimer’s Disease. Neuropharmacology 2021, 190, 108352. [CrossRef]
11. Murphy, M.P.; LeVine, H. Alzheimer’s Disease and the Amyloid-β Peptide. J. Alzheimer’s Dis. 2010, 19, 311–323. [CrossRef]
12. Wei, G.; Su, Z.; Reynolds, N.P.; Arosio, P.; Hamley, I.W.; Gazit, E.; Mezzenga, R. Self-Assembling Peptide and Protein Amyloids:

From Structure to Tailored Function in Nanotechnology. Chem. Soc. Rev. 2017, 46, 4661–4708. [CrossRef] [PubMed]
13. Espargaró, A.; Medina, A.; Di Pietro, O.; Muñoz-Torrero, D.; Sabate, R. Ultra rapid in vivo screening for anti-Alzheimer

anti-amyloid drugs. Sci. Rep. 2016, 22, 23349. [CrossRef] [PubMed]
14. Espargaró, A.; Pont, C.; Gamez, P.; Muñoz-Torrero, D.; Sabate, R. Amyloid Pan-inhibitors: One Family of Compounds to Cope

with All Conformational Diseases. ACS Chem. Neurosci. 2019, 10, 1311–1317. [CrossRef] [PubMed]

http://doi.org/10.1002/anie.200802808
http://www.ncbi.nlm.nih.gov/pubmed/19330877
http://doi.org/10.1002/alz.12328
http://doi.org/10.1038/nrneurol.2011.2
http://doi.org/10.3934/Neuroscience.2021005
http://doi.org/10.1136/jnnp.66.2.137
http://www.ncbi.nlm.nih.gov/pubmed/10071091
http://doi.org/10.1185/03007990152673800
http://www.ncbi.nlm.nih.gov/pubmed/11900310
http://doi.org/10.1007/s12272-013-0036-3
http://www.ncbi.nlm.nih.gov/pubmed/23435942
http://doi.org/10.1021/cr3000994
http://doi.org/10.1186/s40035-018-0107-y
http://doi.org/10.1016/j.neuropharm.2020.108352
http://doi.org/10.3233/JAD-2010-1221
http://doi.org/10.1039/C6CS00542J
http://www.ncbi.nlm.nih.gov/pubmed/28530745
http://doi.org/10.1038/srep23349
http://www.ncbi.nlm.nih.gov/pubmed/27000658
http://doi.org/10.1021/acschemneuro.8b00398
http://www.ncbi.nlm.nih.gov/pubmed/30380841


Pharmaceutics 2022, 14, 2342 18 of 19

15. Carvajal, F.J.; Inestrosa, N.C. Interactions of AChE with Aβ Aggregates in Alzheimer’s Brain: Therapeutic Relevance of IDN 5706.
Front. Mol. Neurosci. 2011, 4, 1–10. [CrossRef] [PubMed]

16. Grimaldi, M.; di Marino, S.; Florenzano, F.; Ciotta, M.T.; Nori, S.L.; Rodriquez, M.; Sorrentino, G.; D’Ursi, A.M.; Scrima, M.
β-Amyloid-Acetylcholine Molecular Interaction: New Role of Cholinergic Mediators in Anti-Alzheimer Therapy? Future Med.
Chem. 2016, 8, 1179–1189. [CrossRef]

17. Inestrosa, N.C.; Dinamarca, M.C.; Alvarez, A. Amyloid-Cholinesterase Interactions. FEBS J. 2008, 275, 625–632. [CrossRef]
18. Alvarez, A.; Alarcó, R.; Opazo, C.; Campos, E.O.; Muñoz, F.J.; Calderó, F.H.; Dajas, F.; Gentry, M.K.; Doctor, B.P.; de Mello, F.G.;

et al. Stable Complexes Involving Acetylcholinesterase and Amyloid-Peptide Change the Biochemical Properties of the Enzyme
and Increase the Neurotoxicity of Alzheimer’s Fibrils. J. Neurosci. 1998, 18, 3213–3223. [CrossRef]

19. Bartolini, M.; Bertucci, C.; Cavrini, V.; Andrisano, V. β-Amyloid Aggregation Induced by Human Acetylcholinesterase: Inhibition
Studies. Biochem. Pharmacol. 2003, 65, 407–416. [CrossRef]

20. Prati, F.; Cavalli, A.; Bolognesi, M.L. Navigating the Chemical Space of Multitarget-Directed Ligands: From Hybrids to Fragments
in Alzheimer’s Disease. Molecules 2016, 21, 466. [CrossRef]

21. Sampietro, A.; Pérez-Areales, F.J.; Martínez, P.; Arce, E.M.; Galdeano, C.; Muñoz-Torrero, D. Unveiling the Multitarget Anti-
Alzheimer Drug Discovery Landscape: A Bibliometric Analysis. Pharmaceuticals 2022, 15, 545. [CrossRef] [PubMed]

22. Jana, A.; Bhattacharjee, A.; Das, S.S.; Srivastava, A.; Choudhury, A.; Bhattacharjee, R.; De, S.; Perveen, A.; Iqbal, D.; Gupta, P.K.;
et al. Molecular Insights into Therapeutic Potentials of Hybrid Compounds Targeting Alzheimer’s Disease. Mol. Neurobiol. 2022,
59, 3512–3528. [CrossRef]

23. Pietta, P.-G. Flavonoids as Antioxidants. J. Nat. Prod. 2000, 63, 1035–1042. [CrossRef] [PubMed]
24. Panche, A.N.; Diwan, A.D.; Chandra, S.R. Flavonoids: An Overview. J. Nutr. Sci. 2016, 5, 1–15. [CrossRef] [PubMed]
25. Khan, H.; Marya; Amin, S.; Kamal, M.A.; Patel, S. Flavonoids as Acetylcholinesterase Inhibitors: Current Therapeutic Standing

and Future Prospects. Biomed. Pharmacother. 2018, 101, 860–870. [CrossRef]
26. Xie, Y.; Yang, W.; Chen, X.; Xiao, J. Inhibition of Flavonoids on Acetylcholine Esterase: Binding and Structure–Activity Relationship.

Food Funct. 2014, 5, 2582–2589. [CrossRef]
27. Sato, M.; Murakami, K.; Uno, M.; Nakagawa, Y.; Katayama, S.; Akagi, K.; Masuda, Y.; Takegoshi, K.; Irie, K. Site-Specific Inhibitory

Mechanism for Amyloid B42 Aggregation by Catechol-Type Flavonoids Targeting the Lys Residues. J. Biol. Chem. 2013, 288,
23212–23224. [CrossRef]

28. Espargaró, A.; Ginex, T.; del Mar Vadell, M.; Busquets, M.A.; Estelrich, J.; Muñoz-Torrero, D.; Luque, F.J.; Sabate, R. Combined in
Vitro Cell-Based/in Silico Screening of Naturally Occurring Flavonoids and Phenolic Compounds as Potential Anti-Alzheimer
Drugs. J. Nat. Prod. 2017, 80, 278–289. [CrossRef]

29. Nam, G.; Hong, M.; Lee, J.; Lee, H.J.; Ji, Y.; Kang, J.; Baik, M.-H.; Hee Lim, M. Multiple Reactivities of Flavonoids towards
Pathological Elements in Alzheimer’s Disease: Structure-Activity Relationship. Chem. Sci. 2020, 11, 10243–10254. [CrossRef]

30. Ehrnhoefer, D.E.; Bieschke, J.; Boeddrich, A.; Herbst, M.; Masino, L.; Lurz, R.; Engemann, S.; Pastore, A.; Wanker, E.E. EGCG
Redirects Amyloidogenic Polypeptides into Unstructured, off-Pathway Oligomers. Nat. Struct. Mol. Biol. 2008, 15, 558–566.
[CrossRef]

31. Ginex, T.; Trius, M.; Luque, F.J. Computational Study of the Aza-Michael Addition of the Flavonoid (+)-Taxifolin in the Inhibition
of β-Amyloid Fibril Aggregation. Chem. A Eur. J. 2018, 24, 5813–5824. [CrossRef] [PubMed]

32. Simoni, E.; Serafini, M.M.; Caporaso, R.; Marchetti, C.; Racchi, M.; Minarini, A.; Bartolini, M.; Lanni, C.; Rosini, M. Targeting the
Nrf2/Amyloid-Beta Liaison in Alzheimer’s Disease: A Rational Approach. ACS Chem. Neurosci. 2017, 8, 1618–1627. [CrossRef]
[PubMed]

33. Sabaté, R.; Gallardo, M.; Estelrich, J. An Autocatalytic Reaction as a Model for the Kinetics of the Aggregation of β-Amyloid.
Biopolymers 2003, 71, 190–195. [CrossRef] [PubMed]

34. Clarke, G.; Ting, K.N.; Wiart, C.; Fry, J. High Correlation of 2,2-diphenyl-1-picrylhydrazyl (DPPH) Radical Scavenging, Ferric
Reducing Activity Potential and Total Phenolics Content Indicates Redundancy in Use of All Three Assays to Screen for
Antioxidant Activity of Extracts of Plants from the Malaysian Rainforest. Antioxidants 2013, 2, 1–10. [CrossRef]

35. Schrödinger Release 2021-2: Glide; Schrödinger, LLC: New York, NY, USA, 2021.
36. Case, D.A.; Belfon, K.; Ben-Shalom, I.Y.; Brozell, S.R.; Cerutti, D.S.; Cheatham, T.E., III; Cruzeiro, V.W.D.; Darden, T.A.; Duke, R.E.;

Giambasu, G.; et al. AMBER 2020; University of California: San Francisco, CA, USA, 2020.
37. Lindorff-Larsen, K.; Piana, S.; Palmo, K.; Maragakis, P.; Klepeis, J.L.; Dror, R.O.; Shaw, D.E. Improved Side-Chain Torsion

Potentials for the Amber Ff99SB Protein Force Field. Proteins Struct. Funct. Bioinform. 2010, 78, 1950–1958. [CrossRef]
38. Jorgensen, W.L.; Chandrasekhar, J.; Madura, J.D.; Impey, R.W.; Klein, M.L. Comparison of Simple Potential Functions for

Simulating Liquid Water. J. Chem. Phys. 1983, 79, 926–935. [CrossRef]
39. Wang, J.; Wolf, R.M.; Caldwell, J.W.; Kollman, P.A.; Case, D.A. Development and Testing of a General Amber Force Field. J.

Comput. Chem. 2004, 25, 1157–1174. [CrossRef]
40. Bayly, C.I.; Cieplak, P.; Cornell, W.; Kollman, P.A. A Well-Behaved Electrostatic Potential Based Method Using Charge Restraints

for Deriving Atomic Charges: The RESP Model. J. Phys. Chem. 1993, 97, 10269–10280. [CrossRef]
41. Ryckaert, J.-P.; Ciccotti, G.; Berendsen, H.J.C. Numerical Integration of the Cartesian Equations of Motion of a System with

Constraints: Molecular Dynamics of n-Alkanes. J. Comput. Phys. 1977, 23, 327–341. [CrossRef]

http://doi.org/10.3389/fnmol.2011.00019
http://www.ncbi.nlm.nih.gov/pubmed/21949501
http://doi.org/10.4155/fmc-2016-0006
http://doi.org/10.1111/j.1742-4658.2007.06238.x
http://doi.org/10.1523/JNEUROSCI.18-09-03213.1998
http://doi.org/10.1016/S0006-2952(02)01514-9
http://doi.org/10.3390/molecules21040466
http://doi.org/10.3390/ph15050545
http://www.ncbi.nlm.nih.gov/pubmed/35631371
http://doi.org/10.1007/s12035-022-02779-6
http://doi.org/10.1021/np9904509
http://www.ncbi.nlm.nih.gov/pubmed/10924197
http://doi.org/10.1017/jns.2016.41
http://www.ncbi.nlm.nih.gov/pubmed/28620474
http://doi.org/10.1016/j.biopha.2018.03.007
http://doi.org/10.1039/C4FO00287C
http://doi.org/10.1074/jbc.M113.464222
http://doi.org/10.1021/acs.jnatprod.6b00643
http://doi.org/10.1039/D0SC02046J
http://doi.org/10.1038/nsmb.1437
http://doi.org/10.1002/chem.201706072
http://www.ncbi.nlm.nih.gov/pubmed/29384229
http://doi.org/10.1021/acschemneuro.7b00100
http://www.ncbi.nlm.nih.gov/pubmed/28421738
http://doi.org/10.1002/bip.10441
http://www.ncbi.nlm.nih.gov/pubmed/12767118
http://doi.org/10.3390/antiox2010001
http://doi.org/10.1002/prot.22711
http://doi.org/10.1063/1.445869
http://doi.org/10.1002/jcc.20035
http://doi.org/10.1021/j100142a004
http://doi.org/10.1016/0021-9991(77)90098-5


Pharmaceutics 2022, 14, 2342 19 of 19

42. Darden, T.; York, D.; Pedersen, L. Particle Mesh Ewald: An N log(N) Method for Ewald Sums in Large Systems. J. Chem. Phys.
1993, 98, 10089–10092. [CrossRef]

43. Genheden, S.; Ryde, U. The MM/PBSA and MM/GBSA Methods to Estimate Ligand-Binding Affinities. Expert Opin. Drug Discov.
2015, 10, 449–461. [CrossRef] [PubMed]

44. Kowalczyk, J.; Grapsi, E.; Espargaró, A.; Caballero, A.B.; Juárez-Jiménez, J.; Busquets, M.A.; Gamez, P.; Sabate, R.; Estelrich,
J. Dual Effect of Prussian Blue Nanoparticles on Aβ40 Aggregation: β-Sheet Fibril Reduction and Copper Dyshomeostasis
Regulation. Biomacromolecules 2021, 22, 430–440. [CrossRef] [PubMed]

45. Alghamdi, A.; Birch, D.J.S.; Vyshemirsky, V.; Rolinski, O.J. Impact of the Flavonoid Quercetin on β-Amyloid Aggregation
Revealed by Intrinsic Fluorescence. J. Phys. Chem. B 2022, 126, 7229–7237. [CrossRef]

46. Dvir, H.; Silman, I.; Harel, M.; Rosenberry, T.L.; Sussman, J.L. Acetylcholinesterase: From 3D Structure to Function. Chem. Biol.
Interact. 2010, 187, 10–22. [CrossRef] [PubMed]

47. Colovic, M.B.; Krstic, D.Z.; Lazarevic-Pasti, T.D.; Bondzic, A.M.; Vasic, V.M. Acetylcholinesterase Inhibitors: Pharmacology and
Toxicology. Curr. Neuropharmacol. 2013, 11, 315–335. [CrossRef]

48. De Ferrari, G.V.; Canales, M.A.; Shin, I.; Weiner, L.M.; Silman, I.; Inestrosa, N.C. A Structural Motif of Acetylcholinesterase That
Promotes Amyloid β-Peptide Fibril Formation. Biochemistry 2001, 40, 10447–10457. [CrossRef]

49. Pérez-Areales, F.J.; Garrido, M.; Aso, E.; Bartolini, M.; de Simone, A.; Espargaró, A.; Ginex, T.; Sabate, R.; Pérez, B.; Andrisano,
V.; et al. Centrally Active Multitarget Anti-Alzheimer Agents Derived from the Antioxidant Lead CR-6. J. Med. Chem. 2020, 63,
9360–9390. [CrossRef]

50. Rana, M.; Pareek, A.; Bhardwaj, S.; Arya, G.; Nimesh, S.; Arya, H.; Bhatt, T.K.; Yaragorla, S.; Sharma, A.K. Aryldiazoquinoline
Based Multifunctional Small Molecules for Modulating Aβ42 Aggregation and Cholinesterase Activity Related to Alzheimer’s
Disease. RSC Adv. 2020, 10, 28827–28837. [CrossRef]

51. Kumar, V.; Saha, A.; Roy, K. In Silico Modeling for Dual Inhibition of Acetylcholinesterase (AChE) and Butyrylcholinesterase
(BuChE) Enzymes in Alzheimer’s Disease. Comput. Biol. Chem. 2020, 88, 107355. [CrossRef]

52. Wilkinson, D.G.; Francis, P.T.; Schwam, E.; Payne-Parrish, J. Cholinesterase Inhibitors Used in the Treatment of Alzheimer’s
Disease. Drugs Aging 2004, 21, 453–478. [CrossRef]

53. Bourne, Y.; Grassi, J.; Bougis, P.E.; Marchot, P. Conformational Flexibility of the Acetylcholinesterase Tetramer Suggested by
X-Ray Crystallography. J. Biol. Chem. 1999, 274, 30370–30376. [CrossRef] [PubMed]

54. Dudai, Y.; Silman, I. The Molecular Weight and Subunit Structure of Acetylcholinesterase Preparations from the Electric Organ of
the Electric EEL. Biochem. Biophys. Res. Commun. 1974, 59, 117–124. [CrossRef]

55. Rosenberry, T.L.; Chen, Y.T.; Bock, E. Structure of 11S Acetylcholinesterase. Subunit Composition. Biochemistry 1974, 13, 3068–3079.
[CrossRef] [PubMed]

56. Kumar, S.; Mohanty, S.K.; Udgaonkar, J.B. Mechanism of Formation of Amyloid Protofibrils of Barstar from Soluble Oligomers:
Evidence for Multiple Steps and Lateral Association Coupled to Conformational Conversion. J. Mol. Biol. 2007, 367, 1186–1204.
[CrossRef]

57. Deleanu, M.; Hernandez, J.-F.; Cipelletti, L.; Biron, J.-P.; Rossi, E.; Taverna, M.; Cottet, H.; Chamieh, J. Unraveling the Speciation of
β-Amyloid Peptides during the Aggregation Process by Taylor Dispersion Analysis. Anal. Chem. 2021, 93, 6523–6533. [CrossRef]

58. Sadat, A.; Joye, I.J. Peak Fitting Applied to Fourier Transform Infrared and Raman Spectroscopic Analysis of Proteins. Appl. Sci.
2020, 10, 5918. [CrossRef]

59. Worek, F.; Eyer, P.; Thiermann, H. Determination of Acetylcholinesterase Activity by the Ellman Assay: A Versatile Tool for in
Vitro Research on Medical Countermeasures against Organophosphate Poisoning. Drug Test. Anal. 2012, 4, 282–291. [CrossRef]

60. Camps, P.; Formosa, X.; Galdeano, C.; Muñoz-Torrero, D.; Ramírez, L.; Gómez, E.; Isambert, N.; Lavilla, R.; Badia, A.; Clos, M.V.;
et al. Pyrano[3,2-c]quinoline−6-Chlorotacrine Hybrids as a Novel Family of Acetylcholinesterase- and β-Amyloid-Directed
Anti-Alzheimer Compounds. J. Med. Chem. 2009, 52, 5365–5379. [CrossRef]

61. Galdeano, C.; Viayna, E.; Sola, I.; Formosa, X.; Camps, P.; Badia, A.; Clos, M.V.; Relat, J.; Ratia, M.; Bartolini, M.; et al. Huprine–
Tacrine Heterodimers as Anti-Amyloidogenic Compounds of Potential Interest against Alzheimer’s and Prion Diseases. J. Med.
Chem. 2012, 55, 661–669. [CrossRef]

62. Matias, I.; Buosi, A.S.; Gomes, F.C.A. Functions of Flavonoids in the Central Nervous System: Astrocytes as Targets for Natural
Compounds. Neurochem. Int. 2016, 95, 85–91. [CrossRef]

http://doi.org/10.1063/1.464397
http://doi.org/10.1517/17460441.2015.1032936
http://www.ncbi.nlm.nih.gov/pubmed/25835573
http://doi.org/10.1021/acs.biomac.0c01290
http://www.ncbi.nlm.nih.gov/pubmed/33416315
http://doi.org/10.1021/acs.jpcb.2c02763
http://doi.org/10.1016/j.cbi.2010.01.042
http://www.ncbi.nlm.nih.gov/pubmed/20138030
http://doi.org/10.2174/1570159X11311030006
http://doi.org/10.1021/bi0101392
http://doi.org/10.1021/acs.jmedchem.0c00528
http://doi.org/10.1039/D0RA05172A
http://doi.org/10.1016/j.compbiolchem.2020.107355
http://doi.org/10.2165/00002512-200421070-00004
http://doi.org/10.1074/jbc.274.43.30370
http://www.ncbi.nlm.nih.gov/pubmed/10521413
http://doi.org/10.1016/S0006-291X(74)80182-8
http://doi.org/10.1021/bi00712a012
http://www.ncbi.nlm.nih.gov/pubmed/4841055
http://doi.org/10.1016/j.jmb.2007.01.039
http://doi.org/10.1021/acs.analchem.1c00527
http://doi.org/10.3390/app10175918
http://doi.org/10.1002/dta.337
http://doi.org/10.1021/jm900859q
http://doi.org/10.1021/jm200840c
http://doi.org/10.1016/j.neuint.2016.01.009

	Introduction 
	Materials and Methods 
	Reagents 
	Preparation of Aggregate-Free A 
	In Vitro A40 Aggregation Assays 
	Aggregation Assay Analysis 
	AChE Inhibition Assay 
	Fluorescence Quenching Study 
	Specific Antioxidant Activity Assay 
	Inhibition Kinetics 
	Dynamic Light Scattering (DLS) Assays 
	Fourier-Transform Infrared Spectroscopy (ATR-FTIR) 
	Transmission Electron Microscopy (TEM) 
	AChE Preferential Interaction by SDS-PAGE 
	Computational Details 

	Results and Discussion 
	Inhibition of A40 Aggregation 
	Inhibition of A40 Aggregation Induced by AChE 
	Structure of A40 and AChE-Induced A40 Aggregates 
	Inhibition of AChE Activity by Apigenin and Quercetin 
	Fluorescence Quenching of AChE 
	Computational Study of the Binding Mode of Quercetin to AChE 
	Radical Scavenging Properties of the Flavonoids 

	Conclusions 
	References

