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Abstract
E-mail: Emerging evidence suggests that gut microbiota metabolites can have a
hung.hoang@rutgers.edu potential role in conferring neuroprotective benefits against Alzheimer's

disease. Enterolactone, (S)-equol, and urolithin A are bacterial metabolites that
Received: 03/10,/2023 originate from rich dietary sources. In this study, the inhibition potential of the
Acceptance: 19/10/2023 aforementioned metabolites on Ap42 peptide was investigated through
Available Online: 19/10/2023 molecular dynamics simulations. The study revealed that interacting with
Published: 01/04/2024 metabolites decreases the intra-connectivity of AB42, resulting in a reduction in

strongly correlated residue pairs and a complete absence of strongly anti-

correlated residue pairs. The MM/PBSA binding energy analyses showed that
enterolactone had the strongest binding affinity with AB42 peptide (-291.0
Keywords: Alzheimer's kJ/mol), while (S)-equol and urolithin A had weaker binding affinities. The study
di AB42. Enterolactone also revealed that enterolactone and (S)-equol have the potential to induce

isease, AB42, ’ structural perturbations in the AB42 peptide, resulting in reduced
Molecular docking, Molecular conformational fluctuations and flexibility. The study suggests that diets rich in
matairesinol may inhibit AB42 action, as enterolactone is a matairesinol-derived
metabolite generated through gut microbiota activity. Additional research is
required in order to have a comprehensive understanding of the specific
processes that underlie these associations and to develop efficacious
supplementary therapy strategies that involve the modulation of gut microbiota
and their metabolites.

dynamics simulation

1. Introduction

Alzheimer's disease (AD) is a neurodegenerative ailment that impacts a global population of about 44 million
individuals [1]. The disease is typified by the accumulation of amyloid beta peptide 42 (AB42) fibrils, leading to
cognitive decline and memory loss [2]. Notwithstanding the increasing incidence of AD, the discovery of efficacious
therapies remains a daunting challenge, necessitating the exploration of alternative strategies for the prevention and
treatment of this ailment. In contemporary scientific research, there has been a significant emphasis placed on
investigating the prospective function of phytochemicals, namely matairesinol, daidzein, and ellagic acid [3][4]. These
compounds are plentifully present in diets that are enriched with plant-based foods, fruits, and nuts, which are
deemed to be nutritionally rich and are associated with a plethora of health benefits, including reduced susceptibility
to chronic diseases, such as cardiovascular diseases and certain cancers, enhanced metabolic function, and improved
overall well-being [5-10]. These diets also have been identified as critical contributors towards conferring
neuroprotective benefits against AD or ameliorating the manifestations of this disease [11-13].

The neuroprotective characteristics of phytochemicals in food are thought to be mediated by many mechanisms such
as antioxidant, anti-inflammatory, and anti-amyloidogenic activities. Phytochemicals have been identified as
antioxidant molecules capable of counteracting the harmful effects of free radicals and reactive oxygen species, which
have the potential to induce cellular damage, including neurological impairment [14][15]. Phytochemicals can
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modulate the production of pro-inflammatory cytokines, enzymes, and other molecules that contribute to
inflammation [16][17]. Finally, the anti-amyloidogenic properties of some phytochemicals involve the modulation of

the formation and accumulation of beta-amyloid plaques, which are the hallmark features of AD pathology [18][19].

Recent research indicates that the gut microbiota
plays a significant role in the metabolic processes
associated with  phytochemicals. Particularly,
matairesinol, daidzein, and ellagic acid are
transformed by gut bacteria into smaller, more
bioavailable compounds, such as enterolactone, S-
equol, and urolithin A [20-23]. Enterolactone (Fig. 1
A) (a phytoestrogen produced from the bacterial
conversion of lignans found in flaxseed, whole
grains, and certain fruits and vegetables) may have a
protective effect against breast and other hormone-
dependent cancers due to its ability to bind to
estrogen receptors and modulate hormone activity
[24][25]. (S)-equol (Fig. 1 B) (a metabolite produced
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These metabolites have also demonstrated neuroprotective effects, further supporting the potential benefits of
consuming a diet rich in these phytochemicals [29-31]. One possible mechanism by which phytochemical compounds
like these may confer their neuroprotective effects is through direct interaction with AB42, minimizing fibril
aggregation and mitigating the pathological features of AD [32][33]. Moreover, emerging research indicates that an
imbalance in gut microbiota, known as gut microbiota dysbiosis, has a role in the onset and progression of AD through
the acceleration of neuroinflammation, facilitation of senile plaque formation, and alteration of neurotransmitter
synthesis [34-36]. Understanding the complex interplay between dietary phytochemicals, gut microbiota, and AD
pathophysiology may provide novel insights into the development of therapeutic strategies to prevent or slow the
progression of this devastating disease. In this study, it was hypothesized that parent phytochemicals found in plant-
based diets of high quality such as matairesinol, daidzein, and ellagic acid exert neuroprotective effects by being
transformed into smaller metabolites (enterolactone, (S)-equol, and urolithin A) with higher bioavailability, which
would ultimately interact with AB42 peptides to minimize plaque formation (Fig. 1 D). Therefore, molecular dynamics
simulations were utilized to investigate the inhibition mechanisms of enterolactone, (S)-equol, and urolithin A on the
AB42 peptides.

2. Materials and Methods

2.1. Ligand retrieval and molecular docking

The 3D structures of Enterolactone, (S)-equol, and urolithin A format were obtained in structure data file (.sdf) format
from PubChem using the following CIDs: 114739, 91469, and 5488186, respectively. YASARA Structure [37] was
employed to execute molecular docking to the AB42 peptide which was retrieved from the Research Collaboratory for
Structural Bioinformatics (RCSB) with protein data bank (PDB) identification of 1IYT. The "Clean" function of YASARA
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Structure was utilized for atom and residue modification, error correction, and structural refinement. Additionally, it
was utilized to prepare the PDB file of the AB42 peptide for molecular docking, thereby improving the accuracy and
quality of the docking process. The dock_run.mcr script was utilized to perform molecular docking of the metabolites
against the prepared AB42 peptide. This pre-made script serves as an input file for executing molecular docking using
the Vina algorithm with pre-defined optimized parameters. One hundred docking runs were conducted for each
metabolite with the peptide, and the docked pose exhibiting the highest negative binding affinity (AG) in kcal/mol was
chosen for subsequent analysis in molecular dynamics simulations.

2.2. Molecular dynamics simulation

Molecular dynamics simulations were conducted utilizing established protocols in YASARA Structure [38][39]. It is
noteworthy that each simulation was sustained for a duration of 200 nanoseconds and produced 501 snapshots. The
simulations employed the AMBER14 force field and were executed at a temperature of 298 Kelvin with a physiological
concentration of 0.9% NaCl.

The Dynamic Cross-Correlation Matrix (DCCM) is a fundamental tool used to examine the correlation between the
movements of selected pairs of atoms or residues in a protein system. This matrix contains values that range from -1,
which indicates perfect anti-correlation, to +1, which represents perfect correlation. In the present study, the DCCM
was used to investigate the correlation between residue pairs. This analysis is readily available within YASARA
Structure and can be employed immediately following molecular dynamics simulations. A residue pair that displays a
value less than -0.8 is considered strongly anti-correlated, indicating that the movements of the two residues are
strongly inversely related. Conversely, a residue pair with a value greater than 0.8 is considered strongly correlated,
signifying that the movements of the two residues are highly correlated. It is noteworthy that the values along the
diagonal of the DCCM are always +1, as the motion of an atom is perfectly correlated with itself. The DCCM analysis
provides valuable information on the collective motions of protein residues, which can aid in the identification of key
regions involved in protein function and dynamics.

2.3. Free energy landscapes

The process of constructing a free energy landscape has been previously documented in the literature [38][40]. The
approach in this study involves the application of the Boltzmann-inverting multi-dimensional histogram onto two
input variables (namely root-mean-square deviation of the C-alpha atoms (RMSD-Calpha) and radius of gyration),
using the ‘gmx sham’ function within GROMACS 2023.2. RMSD-Calpha measures the distance between the positions of
the C-alpha atoms of a protein in each conformation compared to a reference structure. It is commonly used to assess
the structural similarity of protein structures. The radius of gyration, on the other hand, measures the compactness of
the protein by calculating the distance of each atom from the center of mass of the protein. By utilizing these two input
variables, a free energy landscape can be constructed, which can provide insights into the conformational space that a
protein can access and the relative stability of different protein conformations. This method has proven to be a
valuable tool in the study of protein folding, misfolding, and aggregation, as well as in the design of novel therapeutics
targeting protein-protein interactions. BIOVIA Discovery Studio 2021 Client was used to analyze the residual
interaction of the ligands and the peptide in 2D.

2.4. Binding energy derived from MM/PBSA

The md_analysebindenergy.mcr script was utilized to extract the molecular mechanics-Poisson-Boltzmann-derived
binding energy (MM/PBSA) based on the following fundamental premise:

Binding Energy = Complex Solvation Energy + Complex Potential Energy - Ligand Solvation Energy - Ligand Potential
Energy - Receptor Solvation Energy - Receptor Solvation Energy (k]J/mol)

In this equation, a more negative binding energy implies a stronger binding affinity between the ligand and the
receptor, while a more positive binding energy does not necessarily indicate the absence of binding. The MM /PBSA
method is widely employed in the study of protein-ligand interactions and is a valuable tool in drug design and
discovery. It provides an estimation of the free energy change upon the formation of a protein-ligand complex, which
can aid in the identification of potential drug candidates and the optimization of lead compounds. The MM/PBSA
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approach considers the contributions of various energy components, including electrostatic interactions, van der
Waals forces, and solvation effects, which can provide a comprehensive view of the binding mechanism.

3. Results

3.1. Molecular dynamics simulations of AB42 complexes

After 80 nanoseconds from the initiation of the molecular dynamics simulations, it was seen that the apo-Ap42
protein displayed disorder in both its C- and N-termini. Similarly, the AB42-urolithin A complex displayed a similar
disorder after 80 nanoseconds of simulation initiation. In contrast, both AB42-enterolactone and AB42-(S)-equol
complexes induced a reduction in this disorder by linearly elongating the peptide (Fig. 2).
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Figure 2. Temporal progression of molecular dynamics simulations. Depiction of apo-Af42 and its complexes with
the phytochemical metabolites enterolactone, (S)-equol, and urolithin A. The visual representations capture the
dynamic changes in the interactions between Af42 and the investigated metabolites over the course of the
simulation (200 nanoseconds), providing insights into their potential inhibitory effects on AB42 aggregation.
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3.2. Secondary structure analyses of
AB42 complexes

The graphical representations illustrate
the protein secondary structure per
residue as a function of simulation time,
offering a quantitative insight into the
alterations of AB42 in all forms throughout
the molecular dynamics simulations (Fig.
3). Over a duration of 200 ns, the apo-Af342
simulation exhibited 53.26% helix, 0.024%
sheet, 7.927% turn, 36.056% coil, and
2.733% helix310 structures (Fig. 3 A). In
the Ap42-enterolactone complex, the
distribution was 59.305% helix, 0.019%
sheet, 13.706% turn, 25.587% coil, and
1.383% helix310 structures (Fig. 3 B). For
the  AP42-(S)-equol complex, the
percentages were 69.257% helix, 0.01%
sheet, 10.313% turn, 18.658% coil, and
1.763% helix310 structures (Fig. 3 ().
Lastly, in the AB42-urolithin A complex,
the structure composition was 24.522%
helix, 0.171% sheet, 28.134% turn,
42.325% coil, and 4.847% helix310
structures (Fig. 3 D). Helix-pi structures
were absent in both the apo-protein and all
complexes. It was also noticed that both
enterolactone and (S)-equol induced a
decrease in coil structure and an increase
in turn structure compared to the apo-
form. On the other hand, urolithin A
exhibited an increase in all secondary
structure components at the expense of the
helix structure, which underwent a
substantial decrease in the AB42-urolithin
A complex.

3.3. DCCM analyses of Ap42
complexes

The DCCM analyses revealed that
interacting with the metabolites decreased
the intra-connectivity of AB42 (Fig. 4).
Overall, the apo-APf42 had 89 strongly
correlated residue pairs and 17 strongly
anticorrelated residue pairs (Fig. 4 A). In
contrast, Af42 in complex with
enterolactone, (S)-equol, and urolithin A
had 9, 14, and 33 strongly correlated
residue pairs, respectively, with no
strongly anti-correlated residue pairs (Fig.
4 B, C, and D). This suggests that the
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Figure 3. Secondary structure analysis over simulation time. Plots
illustrating the variation in protein secondary structure per residue as a
function of simulation time for apo-AB42 (A), and AB42 complexed with
enterolactone (B), (S)-equol (C), and urolithin A (D)
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interaction of AB42 with the metabolites
led to a reduction in the number of
strongly correlated residue pairs and a
complete absence of strongly anti-
correlated residue pairs.

3.4. Free energy landscapes of
ApB42 complexes

Free energy landscapes were
constructed from two variables, RMSD-
Calpha and radius of gyration (Fig. 5).
The apo-form reached a meta-stable
state at 56.8 ns, with a predicted energy
cost of 10.6 kJ/mol to reach the most
unstable state from the meta-stable state
(Fig. 5 A). The AB42-enterolactone and -
(S)-equol  complexes (which both
required 7.87 kJ/mol to reach the most
unstable state from meta-stable states)
reached meta-stable states at 137.2 ns
and 22.0 ns, respectively (Fig. 5 B and C).
Interestingly, the AfB42-urolithin A
complex required the highest amount of
energy, which was 11.6 k] /mol (Fig. 5 D).
These results indicate that the Ap42-
urolithin A complex has the fewest
conformations and can be considered
generally stable, while the Ap42-
enterolactone and -(S)-equol complexes
have  the largest number  of
conformations and are considered

generally more unstable.

These results can be explained by the
fact that urolithin A can form more
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Figure 4. Dynamic Cross-Correlation Matrixes (DCCM) for AB42 complexes.
Visualization of residue-wise correlation patterns for apo-Ap42 (A), and
AB42 complexed with enterolactone (B), (S)-equol (C), and urolithin A (D)

stable interactions with AB42 residues in its meta-stable state than enterolactone or (S)-equol (Fig. 6). Specifically, in
the meta-stable state, enterolactone can form both conventional and carbon-hydrogen bonds with Asp7, an amide-pi
stacked interaction and a carbon-hydrogen bond with Gly9, 2 pi-pi stacked interactions with Tyr10 and His13, and a
van der Waals interaction with Hisé6. (S)-equol forms five van der Waals interactions with Asp7, Ser8, Glu11, Val12,
and GIn15. Conversely, urolithin A, with many more interactions, can form eight van der Waals interactions (with
Glul1l, Lys16, Phe20, Met35, Val36, Gly37, Gly38, and Val 39), one pi-pi stacked interaction with Phe19, and two pi-

alkyl interactions with Val40 and Ile41.
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Figure 5. Free energy landscapes, meta-stable states, and stabilization times. Depiction of
the free energy landscapes and associated meta-stable conformations for apo-A42 (A),
and AB42 complexed with enterolactone (B), (S)-equol (C), and urolithin A (D). The time
taken for each complex to reach meta-stability is also provided.
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Figure 6. Two-dimensional interaction profiles in meta-stable states. Visualization of the 2D interaction
patterns between A42 and the phytochemical metabolites enterolactone, (S)-equol, and urolithin A
when the complexes have reached their respective meta-stable states.

3.5. MM/PBSA binding energy analyses of AB42 complexes

Evaluating the binding affinities of the ligands by employing the MM/PBSA method offers enhanced validity to the
simulated interaction (Fig. 7). Enterolactone exhibited the strongest binding affinity at -291.0 k]J/mol, while (S)-equol
and urolithin A demonstrated weaker binding affinities of -60.0 and -83.6 k]J/mol, respectively. The solvation energies
were generally comparable among the three complexes (-3569.6, -3313.60, and -3232.50 k]J/mol, for enterolactone,
(S)-equol, and urolithin A complex, respectively). The ligand solvation energies for enterolactone, (S)-equol, and
urolithin A were -96.2, -80.10, and -133.50 k]/mol, respectively. The receptor solvation energies for enterolactone,
(S)-equol, and urolithin A were -3246.5, -3240.96, and -3124.50 k]/mol, respectively. Interestingly, enterolactone
displayed the highest potential complex, ligand, and receptor energies. The potential complex energies for
enterolactone, (S)-equol, and urolithin A were 545.2, 125.60, and -163.40 k]/mol, respectevely. The potential ligand
energies for enterolactone, (S)-equol, and urolithin A were 63.0, -113.80, and -112.10 kJ/mol. Finally, the potential
receptor energies for enterolactone, (S)-equol, and urolithin A were 546.7, 307.0, and 57.5 k] /mol.

4. Discussion

The adoption of a U-shaped conformation (bringing its C-terminus and N-terminus into close proximity) is one of the
key indicators of AB42's predisposition to form plaques or neurofibrillary tangles, and this phenomenon has been
substantiated in prior studies, both through computational simulations and biochemical experiments [32][41].
Notably, it has been demonstrated in silico that AB42 achieves this "ready-to-polymerize" state in less than 100 ns
[32], which is similar to the current simulation results. Furthermore, the free energy landscape analysis for apo-Af342
corroborates this, indicating that the peptide attains this favorable state in under 60 ns, which validates the initial
setups of the current study. In this context, enterolactone and (S)-equol prevented the conformational transition of
AB42 throughout the simulation. In contrast, urolithin A did not show similar potential during molecular dynamics
simulation.
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The examination of protein secondary structure revealed a
significant reduction in coil structures and an elevation in turn
structures in enterolactone and (S)-equol complexes in
comparison to the apo-form. This observation suggests that
enterolactone and (S)-equol have the potential to induce
structural perturbations in the AB42 peptide. These data are
consistent to some extent with the findings of [32], which
indicated an augmentation in the coil and turn conformation in
the  epigallocatechin-3-gallate-AB42 and  genistein-Af342
complexes in silico when compared to the AB42 peptide.
Furthermore, the interaction of AB42 with the metabolites led to
reduced intra-connectivity, as evidenced by the decrease in
strongly correlated residue pairs and the complete absence of
strongly anti-correlated residue pairs. This observation indicates
that the metabolites may inhibit AB42, resulting in reduced
conformational fluctuations and flexibility. Interestingly, the free
energy landscape analysis revealed that the AB42-urolithin A
complex required a higher amount of energy to reach the most
unstable state, indicating increased stability compared to the
enterolactone and (S)-equol complexes. This observation is
attributed to the higher number of stable interactions formed by
urolithin A with AB42 residues in the meta-stable state.

The MM/PBSA binding affinity calculations indicated that
enterolactone displayed the strongest binding affinity with AB42
(-291.0 kJ/mol) while urolithin A demonstrated the weakest
binding affinity. Additionally, the high potential complex, ligand,
and receptor energies signify the favorable interaction between
enterolactone and AP42. Therefore, enterolactone showed
promise in inhibiting AB42, while urolithin A may not offer the
same protective effects.

The preceding observations pertain to the putative inhibitory
effect of enterolactone against AB42. The results underscore the
potential significance of diets rich in matairesinol in inhibiting the
action of AB42, since enterolactone is a matairesinol-derrived
metabolite generated through the activity of gut microbiota.
However, it is important to note that the current research does
not advocate for this approach as a sole clinical treatment or an
alternative for allopathic medicine; rather, it is positioned as a
preventive and complementary medicine strategy. Nevertheless,
it is imperative to conduct confirmatory experimental studies in
order to authenticate the existing findings. Additionally, further
investigation is required to comprehend the precise mechanisms
that underlie these connections and to devise efficacious
complementary therapeutic approaches that rely on the
manipulation of gut microbiota and their metabolites.

Figure 7. MM/PBSA binding energy analysis. Bar chart
representation of the calculated MM/PBSA binding energies for the
phytochemical metabolites enterolactone, (S)-equol, and urolithin
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