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Abstract: Background: Despite research on the molecular bases of Alzheimer’s disease (AD), effective
therapies against its progression are still needed. Recent studies have shown direct links between AD
progression and neurovascular dysfunction, highlighting it as a potential target for new therapeutics
development. In this work, we screened and evaluated the inhibitory effect of natural compounds
from native Peruvian plants against tau protein, amyloid beta, and angiotensin II type 1 receptor
(AT1R) pathologic AD markers. Methods: We applied in silico analysis, such as virtual screening,
molecular docking, molecular dynamics simulation (MD), and MM/GBSA estimation, to identify
metabolites from Peruvian plants with inhibitory properties, and compared them to nicotinamide,
telmisartan, and grapeseed extract drugs in clinical trials. Results: Our results demonstrated the
increased bioactivity of three plants’ metabolites against tau protein, amyloid beta, and AT1R.
The MD simulations indicated the stability of the AT1R:floribundic acid, amyloid beta:rutin, and
tau:brassicasterol systems. A polypharmaceutical potential was observed for rutin due to its high
affinity to AT1R, amyloid beta, and tau. The metabolite floribundic acid showed bioactivity against
the AT1R and tau, and the metabolite brassicasterol showed bioactivity against the amyloid beta
and tau. Conclusions: This study has identified molecules from native Peruvian plants that have the
potential to bind three pathologic markers of AD.

Keywords: in silico; Peruvian native plants; Alzheimer’s disease; polypharmacology; floribundic
acid; rutin; brassicasterol; Peru

1. Introduction

Alzheimer’s disease (AD) is a chronic neurodegenerative disorder characterized by
the progressive manifestations of disturbances on rational thinking, memory loss, cognitive
decline, and mood changes [1–3]. These clinical manifestations are consequences of the
formation of neurofibrillary tangles, senile plaques, glial cell activation, and cerebrovascular
dysregulation [4]. The importance of understanding the mechanisms of cerebrovascular
alterations and their relation to AD has gained more attention, since cerebrovascular dys-
function can cause the degenerative processes of smooth muscle cells, astrocytes, pericytes,
and endothelial cells [5–8]. Furthermore, several studies have demonstrated the reduced
resting cerebral blood flow, low vasoreactivity, and neurovascular coupling dysregulation
in AD patients [9–11], and that more than 50% of AD-diagnosed patients also have a
cerebrovascular lesion.

Besides the tau protein and amyloid beta, the constant search for novel molecular
targets has implicated the renin–angiotensin system (RAS), which is involved in cere-

Molecules 2022, 27, 918. https://doi.org/10.3390/molecules27030918 https://www.mdpi.com/journal/molecules

https://doi.org/10.3390/molecules27030918
https://doi.org/10.3390/molecules27030918
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/molecules
https://www.mdpi.com
https://orcid.org/0000-0003-0308-1160
https://orcid.org/0000-0001-8791-0506
https://orcid.org/0000-0002-0594-9456
https://orcid.org/0000-0003-2921-5681
https://orcid.org/0000-0002-7908-8230
https://orcid.org/0000-0001-5491-4375
https://doi.org/10.3390/molecules27030918
https://www.mdpi.com/journal/molecules
https://www.mdpi.com/article/10.3390/molecules27030918?type=check_update&version=3


Molecules 2022, 27, 918 2 of 18

brovascular functions in AD patients [12]. The RAS is a complex enzymatic pathway that
regulates fluid homeostasis, blood pressure, and cognitive responses [13]. A key enzyme
of this complex is the angiotensin II peptide, a vasoconstrictor that induces hypertensive
responses [12,14]. The angiotensin peptides develop their function through receptors, such
as the angiotensin II type I receptor (AT1R), angiotensin II type 2 receptor (AT2R), and
angiotensin II type 4 receptor (AT4R) [15,16]. The AT1R, located on neurons, astrocytes,
and microglia [17], has the function of NADPH oxidase complex activation, which leads to
superoxide formation, vasoconstriction, proinflammatory, and pro-oxidative effects [15,16].
For this reason, research on AT1R blockers (ARBs) has increased in the last decade due to
the findings on the increment of ACE activity in AD patients.

Extensive research on natural sources has been carried out as potential options for
finding new therapeutic AD treatment interventions [18]. In this context, the ethnophar-
macological uses of medicinal plants for treating hypertension have been documented
in North America, Europe, Asia, and Africa [19]. Plants from the species Guazuma ulni-
folia (from Central America) [20], Radix Astragali Mongolici, Salvia miltiorrhiza bunge, Flos
Lonicerae, Scrophularia, Radix Aconiti Lateralis, Preparata, and Radix glycyrrhizae (from Asia)
showed a blocking effect on AT1R activity, mainly due to the presence of polyphenols,
saponins, and flavonoids [21,22]. More recently, the phytochemicals gastrodin and sili-
binin, found in Gastrodia elata Blume (Tianma) and Cirsium japonicum (Japanese Thistle),
respectively, showed an antagonist effect for AT1R [23–25]. Moreover, the phytochemicals
quercetin and chlorogenic acid, components of Campomanesia xanthocarpa, a Brazilian en-
demic species, could act as an AT1R blocker, and were proposed as a preventive agent for
high blood pressure [26,27]. The number of Peruvian medicinal plants has been calculated
to be approximately 25,000 species [28,29], and their ethnopharmacological uses, to treat
or relieve the symptoms of vascular diseases or dementia-associated diseases, have been
described [30]. For example, medicinal plants such as Lepidium meyenii (maca) have been
studied for their neuroprotective and antihypertensive properties, due to their bioactive
metabolites targeting the ACE receptor [31–33]. Another plant is the Uncaria genus (cat’s
claw), which has been studied for its catecholamines metabolites that regulate blood pres-
sure and heart rate [34,35], and the Zea mays (purple corn), which are rich in flavonoids,
such as morin, quercetin, and kaempferol, that have demonstrated a neuroprotective and
vasodilatory effect via the nitric oxide-cyclic guanosine monophosphate-protein kinase G
(NO–cGMP–PKG) pathway [36,37]. However, the knowledge of the beneficial effects of
active compounds isolated from Peruvian medicinal plants is still limited [38].

In diseases that are multifactorial in origin, such as AD, a new perspective towards
drug discovery and development includes moving from target-specific to multi-target
drugs [39]. Hence, computational polypharmacology has become a valuable support [40],
since it makes it possible to simulate and screen thousands of molecules that can bind
to several targets. In this way, a set of ligands against a set of targets can be simulated,
anticipating the potential selectivity, multi-target activities, and optimization of screening
processes [41].

In this work, based on an in silico and computer-aided drug screening, we aimed to
show the therapeutic potential of three metabolites (rutin, brassicasterol, and floribundic
acid) derived from Peruvian plants for the possible treatment of patients with Alzheimer’s
disease. Remarkably, we found that rutin showed polypharmacological bioactivity against
tau, amyloid beta, and AT1R.

2. Results
2.1. Literature Research

The natural compounds literature from Peruvian plants were retrieved from the
PubMed database (https://pubmed.ncbi.nlm.nih.gov, accessed on 15 July 2021). Our
data mining has identified 84 metabolites from Peruvian plants previously characterized
biochemically from 1970 to 2020 (Tables S1–S6). Then, we filtered these metabolites by
their neuroprotective, antihypertensive and antioxidant properties, finding the following
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native plants: Smallanthus sonchifolius (Yacon) of the family Asteraceae, showing that the
antihypertensive and anti-inflammatory properties of the leaf extract on LPS-stimulated
mouse microglial cells in vitro [42] prevented the deposition of amyloid plaques and
neurotoxicity because of its antioxidant effect on the hippocampus [43]. Lepidium meyenii
(Maca) is a hypocotyl of the family Brassicaceae with neuroprotective effects due to the
inhibition of acetylcholinesterase (AChE) activity, improving scopolamine-induced memory
deficits [38,44]. Secondary metabolites, such as macamides have shown a reduction of Mn-
induced mitochondrial toxicity in glioblastoma U/87 MG cells, regulating inflammation,
and glucose homeostasis, hence beneficial for AD treatment [45,46].

Croton lechleri (Sangre de Drago), of the family Euphorbiaceae, a sap rich in pheno-
lic compounds with the ability to reduce ROS formation, LDL oxidations, and albumin
glycation, thereby reducing the risk of vascular diseases [47,48]. Uncaria tomentosa (Uña
de Gato or Cat’s claw) is a vine of the Rubiaceae family with antimutagenic and neuro-
protective properties. The polyphenols, sterols, and alkaloids present in Cat’s Claw have
shown a positive effect in cholinergic dysfunction, inhibiting AChE activity and DNA
repairment, avoiding oxidative stress and inflammation, and thus, cardiovascular and
autoimmune diseases [49–51]. Physalis peruviana (Aguaymanto) is a berry of the Solanaceae
family with anti-inflammatory and cytoprotective properties in astrocytic cells (T98G) ex-
posed to neurotoxic stimuli, preserving mitochondrial functions and nuclei damage [52,53].
Minthostachys mollis (Muña) of the Lamiaceae family is rich in flavonoids that inhibit COX1
and COX2 enzymatic production, hence avoiding the proinflammatory process. According
to Benites et al., the essential oil of this species has a potential cytotoxic effect against cancer
cells (T24, DU-145, and MCF-7) [54,55].

2.2. Docking Procedure and Virtual Screening

Virtual screening was performed to screening potential molecules against tau, amyloid
beta, and AT1R (Figure 1 and Tables S7–S9). Among these molecules, we selected the top
three with the lowest binding affinity energy for our study: rutin (effective against the three
receptors), brassicasterol (effective against tau and amyloid beta), and floribundic acid
(effective against tau and AT1R). Figure 1 also shows the drug-likeness score calculation of
the complete set of molecules against the three targets using OSIRIS DataWarrior, where
more potential molecules are represented for possibly further analysis.

In parallel, studied compounds from ongoing clinical and preclinical studies (phase
II and III) were also analyzed and used as controls (Table 1). We chose one compound
per receptor as control: nicotinamide for tau, grapeseed extract for amyloid beta, and
telmisartan for AT1R.

Table 1. Values of binding affinity [kcal/mol] of control ligand molecules relative to target peptides
obtained during docking stage.

Control PubChem CID Compound Binding Affinity

Tau
936 Nicotinamide −4.2

60150609 TRx0237 −3.1

Amyloid beta
91973920 Grapeseed extract −6.7
51030870 PQ912 −5.7
25008296 ALZ 801 −4.2

AT1R
65999 Telmisartan −8.7
2541 Candesartan −7.7

172198 Angiotensin II −7.6
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Figure 1. Binding affinities of molecules screened from Smallanthus sonchifolius, Lepidium meyenii,
Croton lechieri, Uncaria tomentosa, Physialis perivianus, and Minthostachys mollis against: (A) tau peptide,
(B) amyloid beta (1–40), and (C) AT1R. NS: not significant. * p < 0.05 and ** p < 0.0.1 significance among
groups. Box plots with minimum and maximum values of binding affinities. Scatter plot showing
binding affinity versus drug-likeness score for: (D) tau, (E) amyloid beta (1–40), and (F) AT1R.

2.3. ADME/TOX Analysis

The ADME/TOX study was performed to investigate and evaluate the therapeutic
potential of metabolites derived from Peruvian plants to predict their metabolism in the
human body. In Table 2, the toxicity assessment of the chosen compounds was also
analyzed to evaluate their hepatotoxicity, carcinogenicity, mutagenicity, and cytotoxicity.
Most compounds showed a favorable effect in this screening, except floribundic acid and
kaurenoic acid, which showed a cytotoxic and hepatotoxic effect, respectively.

Table 2. Toxicological assessments, druggability, and drug-likeness properties of the lead com-
pounds predicted.

Control PubChem CID Compound A B C D E RO5 Drug-Likeness

Tau

5281327 Brassicasterol - - - - 890 Yes −1.2
15694360 Floribundic acid - - - + 274 Yes −4.0
5280805 Rutin - - - - 500 No 1.93

936 Nicotinamide - - - - 250 Yes −0.6

Amyloid beta

73062 Kaurenoic acid + - - - 100 Yes −6.1
5281327 Brassicasterol - - - - 890 Yes −1.2
5280805 Rutin - - - - 500 No 1.93
91973920 Grapeseed extract - - - - 2500 No 1.83

AT1R

5280805 Rutin - - - - 500 No 1.93
5317667 Glucobrassicin - - - - 200 Yes −3.1
15694360 Floribundic acid - - - + 274 Yes −4.0

65999 Telmisartan - - - - 500 No 0.95

A = hepatotoxicity, B = carcinogenicity, C = mutagenicity, D = cytotoxicity, E = predicted LD 50 (mg·kg−1) (in
mice), and RO5 = rule of five by Christopher A. Lipinski.
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2.4. Molecular Dynamics Simulations and Molecular Mechanics Generalized Born Surface Area
Calculations

The active sites or regions of the receptors against the ligands were determined
using the PATCHDOCK server (http://bioinfo3d.cs.tau.ac.il/PatchDock/, accessed on 10
August 2021). The snapshot obtained from 100 ns of NPT simulation was used for the
thermodynamics parameter calculations. The root mean squared deviation (RMSD) and
root mean squared fluctuations (RMSF) per residue of the backbone were analyzed. The
structure variation was calculated by RMSD values of protein:ligand from 0 to 100 ns,
reaching stability at 70 ns (Figure 2). We can see in Figure 2A that the RMSD values for
AT1R receptors were the following: native receptor (0.71 nm), rutin (0.43 nm), floribundic
acid (0.50 nm), telmisartan (0.53 nm), and glucobrassicin (0.66 nm). On the other hand,
in the RMSF per residue results, the AT1R:rutin system shows high fluctuations in loop
regions (region highlighted from protein AT1R in Figure 2A), with a high peak of 0.7 nm.
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constantly deviate from its original conformation even though this compound generates the largest
fluctuations in AT1R (RMSF analysis); (B) the RMSD plot for amyloid beta in its native state (black
line) shows a high structural instability due to the size and lack of other secondary conformations.
However, the coupled systems reduce this deviation; (C) tau with ligands shows a tendency of high
conformational stability.

When we looked at the RMSD plot of amyloid beta (Figure 2B), we noticed a significant
deviation in the RMSD trend in all systems analyzed. Indeed, the RMSD average values
for the native receptor (1.33 nm), grapeseed extract (0.84 nm), rutin (0.88 nm), kaurenoic
acid (1.03 nm), and brassicasterol (1.14 nm) were obtained. This was caused by the lack
of secondary regions in the peptides. However, when it is docked, the fluctuations are
reduced (RMSF plot from Figure 2B). Figure 2C shows the RMSD graph concerning the
initial structure of tau, where the comparison of the average RMSDs between the tau
receptor is less than 0.36 nm, and an average RMSD for tau–rutin and tau–nicotinamide is
equal to 0.26 nm. At the same time, the RMSF per residue of the tau indicates the reduction
of fluctuations in coupled systems (RMSF plot from Figure 2C).

The molecular mechanics generalized born surface area (MM/GBSA) binding free
energy estimation was carried out considering the last 500 snapshots from MD simulations
of receptor–ligand systems.

Likewise, the generalized born (GB) model and solvent accessibility methods are used
for the MM/GBSA calculation. The results obtained of this estimation are shown in Table 3,
in which among the ligand–receptor systems, the best option for amyloid beta, tau, and
AT1R was rutin (48.05 ± 7.0 kcal·mol−1), brassicasterol (−38.05 ± 3.5 kcal·mol−1), and
floribundic acid (58.98 ± 4.4 kcal·mol−1), respectively. The second-best option, and shared
among the three receptors, were rutin against amyloid beta, tau, and AT1R, in which the
binding energy was found to be equal to 48.05 ± 7.0 kcal·mol−1, −27.25 ± 6.1 kcal·mol−1,
and −39.56 ± 3.3 kcal·mol−1, respectively. There is significant energy contribution by the
Van der Waals energies in the systems regarding electrostatic and generalized born energies.
Substances under clinical trials were run in order to be used as controls, acting as references
point to evaluate the potential anti-Alzheimer effect of the Peruvian natural plants.

Table 3. Binding free energies estimation for the docked compounds into amyloid beta, tau, and AT1R.

Energy
Component Substance VDWAALS

Kcal·mol−1
EEL

Kcal·mol−1
EGB

Kcal·mol−1
ESURF

Kcal·mol−1
∆Ggas

Kcal·mol−1
∆Gsolv

Kcal·.mol−1
∆TOTAL

Kcal·mol−1

Amyloid
beta

Brassicasterol −43.04 ± 3.4 −4.86 ± 5.9 15.08 ± 5.0 −5.27 ± 0.4 −47.9 ± 6.7 9.81 ± 4.9 −38.08 ± 3.7
Kaurenoic acid −28.75 ± 2.7 −12.91 ± 3.9 18.48 ± 2.9 −3.67 ± 0.3 −50.34 ± 5.0 14.8 ± 2.9 −35.54 ± 3.9

Rutin −61.97 ± 4.9 −32.69 ± 11.6 54.48 ± 8.7 −7.86 ± 0.6 −94.67 ± 14.4 46.62 ± 8.2 −48.05 ± 7.0
Grapeseed

extract −37.72 ± 6.7 −51.73 ± 13.6 51.15 ± 8.6 −5.7 ± 0.6 −89.46 ± 14.1 45.45 ± 8.2 −44.00 ± 7.0

Tau

Brassicasterol −42.49 ± 2.9 −4.87 ± 3.9 14.00 ± 2.7 −4.68 ± 0.3 −47.37 ± 4.5 9.31 ± 2.7 −38.05 ± 3.5
Floribundic

acid −20.61 ± 6.2 −12.8 ± 10.9 23.9 ± 12.9 −2.70 ± 0.8 −42.55 ± 16.0 21.16 ± 12.1 −21.39 ± 5.2
Rutin −33.86 ± 3.9 −36.7 ± 15.8 48.20 ± 11.5 −4.86 ± 0.4 −70.60 ± 15.3 43.34 ± 11.4 −27.25 ± 6.1

Nicotinamide −4.04 ± 4.4 −2.86 ± 4.8 5.77 ± 6.5 −0.58 ± 0.6 −6.90 ± 7.9 5.18 ± 6.0 −1.72 ± 2.4

AT1R

Floribundic
acid −59.73 ± 3.0 −27.18 ± 6.6 44.26 ± 3.9 −7.6 ± 0.2 −95.64 ± 6.1 36.66 ± 3.8 −58.98 ± 4.4

Glucobrassicin −44.55 ± 2.5 −7.11 ± 7.9 41.77 ± 6.6 −5.64 ± 0.3 −51.66 ± 8.3 36.13 ± 6.6 −15.53 ± 4.5
Rutin −61.99 ± 2.7 −7.33 ± 5.3 37.06 ± 4.7 −7.3 ± 0.3 −69.32 ± 5.7 29.76 ± 4.7 −39.56 ± 3.3

Telmisartan −55.15 ± 3.0 −10.27 ± 5.8 33.27 ± 5.2 −6.71 ± 0.3 −65.42 ± 6.3 26.56 ± 5.5 −38.87 ± 3.1

Thereof, based on these calculations, the ligands rutin for amyloid beta, brassicasterol
for tau, and floribundic acid for AT1R were deduced with considerable binding affinity
by comparison to their control reference, which was grapeseed extract, nicotinamide, and
telmisartan, respectively.

3. Discussion

For the last three decades, over 900 billion USD has been invested in drug development
and clinical trials with no proven effective benefit for treating patients with AD [56]. Mul-
tiple studies have recently demonstrated a strong relationship between the pathogenesis
of AD and some vascular-associated diseases, including atherosclerosis and hyperten-
sion [57,58]. Moreover, Aguilar et al., 2021, have shown that vascular smooth muscle cells
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contribute to the neuroinflammation and tau hyperphosphorylation in the early and late
stages of the disease [6]. These findings identify the vascular tissue as a novel therapeutic
target for the development of drugs to reduce the impact of vascular dysfunction on the
initiation and progression of AD. In this context, the neuroprotective effects of AT1R block-
ers (Losartan and Resveratrol) indicate that RAS components can be plausible targets to
develop pharmacological innovations for AD [59,60].

For these reasons, the research for new compounds with neurovascular or anti-
neurodegenerative bioactivity is gaining considerable attention in the field [61]. In this
regard, a total of 94 options between drugs and antibodies are in clinical trials (phases II and
III) [62]. Among those compounds, some natural products, such as grapeseed extract, nicoti-
namide, nicotine, saffron, colostrinin, and others, are considered as promising therapeutic
candidates [63–65]. Furthermore, in vivo experiments using animal models of dementia
and AD have been used to evaluate the potential therapeutic potential of other plant-based
molecules, such as curcumin, quercetin, resveratrol, piperine, and epigallocatechin gallate.

Peru is known worldwide for its incredible phytogenic biodiversity, in which ~10%
of the world’s flora grows [37]. Polypharmacology is emerging as a new paradigm to
treat complex diseases by regulating multiple targets to achieve desired physiological
responses [66]. Additionally, a multi-target drug can decrease the risk of drug−drug
interactions and diminish the number of pharmacokinetic and safety profile tests [67].
The ethnopharmacological knowledge of the Peruvian population helped to identify and
categorize more than 5000 Peruvian plants with multiple pharmacological effects.

In this sense, we aimed to characterize the polypharmacological properties of metabo-
lites from Peruvian plants known by their neuroprotective and vasoactive properties and
thus identify potential therapeutic candidates for treating patients with AD.

Based on our in silico and computer-aided drug screening, we found remarkable
bioactivity against three pathologic markers of AD, including tau protein, amyloid beta
and AT1R. Our results demonstrated the highest binding energy for the systems as follows:
AT1R:floribundic acid (a compound present in S. sonchilofolius), amyloid beta:brassicasterol
(a compound present in L. meyenii), and tau–rutin (a compound present in C. lechleri).
Interestingly, the rutin molecule has shown strong polypharmacological activity against
all three pathogenic markers, brassicasterol against tau and amyloid beta, and floribundic
acid against tau and AT1R. It is worth mentioning that the metabolite rutin showed a
higher affinity for tau protein, amyloid beta, and AT1R compared to the controls, drugs
in clinical trials, such as nicotinamide, grapeseed extract, and telmisartan, respectively.
In conclusion, we identified three metabolites with the potential to bind three pathologic
markers of AD and inform the development of future therapies against AD and other
neurodegenerative diseases.

In addition, the beneficial effects of these metabolites have been reported by different
authors. Rutin has shown an inhibitory effect on α-glucosidase, effective for the treatment
of diabetes [68], an antiviral effect on SARS-CoV-2 [69], and anti-inflammatory [70] and
anticarcinogenic properties [71]. The sterol brassicasterol has shown a dual anti-infective
property against herpes simplex virus type 1 and Mycobacterium tuberculosis [72], an antiviral
effect against human adenovirus [73], and an anti-tumoral [74] and potential application as
an AD biomarker [75]. For floribundic acid, besides its antioxidant effect, there is no other
research based on the effects or bioactivity of this clerodane diterpenoid [76].

The binding site of the proteins is essential during the protein–ligand interaction
and crucial for drug design. Our study revealed the catalytic dyad for AT1R composed
of hydrogen bonds with floribundic acid (ARG167, TYR113), glucobrassicin (TYR184),
rutin (TYR113) telmisartan (LYS199), and hydrophobic bonds (TYR87, TYR175, ILE288,
TRP84, THR260, and PHE182 as common interacting residues (Figure 3)). Similar binding
sites were observed with Olmesartan, where LYS 199, ARG167, TYR113, and TRP84 were
noticed [77,78].
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Figure 3. MD simulation and docking analysis shows the formation of hydrogen bond interactions
between the AT1R and: (A) floribundic acid, (B) glucobrassicin, (C) telmisartan, and (D) rutin.

For amyloid beta, the hydrogen bonds were observed with rutin (LYS28, ASP23, and
PHE20) and hydrophobic bonds (HIS14, VAL39, ALA21, ILE32, and ILE41) as common
interacting residues (Figure 4). Our results agree with other in silico evidence of the
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interaction between statins and amyloid beta, where authors evaluated the protective
role of these drugs against amyloidogenesis and neurodegeneration, such as atorvastatin,
rosuvastatin, pravastatin, and lovastatin, where ASP23, VAL39, and ALA21 residues were
identified, respectively [79]. According to Castro et al., 2020, fucosterol from the algae
Sargassum horridum showed an inhibitory aggregation effect of amyloid beta fibrils and
stabilized and interacted with HIS14, PHE20, ALA21, ILE32, VAL39, ILE41, and LYS28
residues [80]. The residue HIS14 was also observed in the binding site of memantine and
amyloid beta [81].
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Figure 4. MD simulation and docking analysis shows the formation of hydrogen bond interactions
between the amyloid beta and: (A) brassicasterol, (B) grapeseed extract, (C) kaurenoic acid, and
(D) rutin binding interactions between the ligand and receptor.

For tau, hydrogen bonds were observed with rutin (SER352), brassicasterol (GLN351),
ILE360, and THR361 as common interacting residues (Figure 5). In fact, the residue GLN351
was also an active binding site for the interaction with titanium dioxide nanoparticles,
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where the alteration of secondary and tertiary structures of tau was aimed at to avoid further
aggregation [82]. In addition, some second-generation positron emission tomography
tau tracers were developed and engineered to target the active site found in our work,
composed of GLN351and ILE360 [83,84].
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Figure 5. MD simulation and docking analysis shows the formation of hydrogen bond interactions
between the tau protein and: (A) nicotinamide, (B) rutin, (C) brassicasterol, and (D) floribundic acid
binding interactions between the ligand and receptor.

The MD simulation analyzes the stability and dynamic states of the protein–ligand
systems. The protein backbone RMSD of tau, amyloid beta, and AT1R, bound with the
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best option of the ligands are represented in Figure 6. We observed that tau, amyloid beta,
and AT1R started to stabilize and equilibrate at 60 ns, and all backbones remained stable
compared to their respective controls (proteins without ligand binding). The stability of the
compound related to AT1R was: rutin > floribundic acid >> telmisartan > glucobrassicin;
the compound related to amyloid beta was: grapeseed extract > rutin > kaurenoic acid >
brassicasterol; and the compound related to tau was: rutin > nicotinamide > brassicasterol
> floribundic acid. The slight variation may be attributed to the complex conformations.
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Figure 6. Diagram illustrating the polypharmacological activity of the metabolites rutin, brassicast-
erol, and floribundic acid on tau, amyloid beta, and AT1R, AD pathologic markers.

In the same figure, the RMSF analysis showed a fluctuation in the residue regions
of 200–250 for AT1R, 10–35 for amyloid beta, and 340–360 for tau. The RMSF values of
the systems relative to the amino acids of the complexes were evaluated to compare their
flexibilities. The more fluctuated amino acids in the active sites, related to their ligands,
were for AT1R, ILE228, and GLU227 attributed to the EIQKN sequence, an intracellular loop
of the AT1R and a cytoplasmatic domain essential for receptor activation and G-protein
selection and coupling [85]. For amyloid beta, the residues GLN15, VAL24, and SER26 were
attributed to the α-helices. The ALA30 and GLY29 regions were less structured and formed
an α-helix (unfolded structures). This α-helix stabilization may be crucial to prevent the
formation of the insoluble β-sheet form of amyloid beta [86,87]. For tau, the amino acids
the ASP348 and ARG349 residues are responsible for saline bonds formation and β-helical
folding, arrangements found in the AD–tau fibrils.

Surprisingly, the molecules considered as controls, such as grapeseed extract, nicoti-
namide, and telmisartan for the receptors amyloid beta, tau protein, and AT1R, respectively,
were not the best options with the highest binding energy [88,89].

4. Materials and Methods
4.1. Literature Search Strategy and Data Collection

The literature search strategy for collecting the Peruvian natural products and ongoing-
clinical drugs was found on the National Center for Biotechnology Information (NCBI)
databases, PubMed (accessed on 15 July 2021), and ChEMBL. Duplicated compounds
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were removed, and only registered, catalogued, and well-characterized compounds were
considered for analysis.

The Medical Subject Headings (MeSH terms) were employed in the string query to
improve the search accuracy. The dataset was retrieved from PubMed on 16 July 2021,
based on the following search string: “Peruvian” [MeSH Terms] AND “Natural products”
[MeSH Terms] AND “Alzheimer disease”.

After the first step of screening of the compounds from natural sources (Physalis peru-
vianus [90–92], Minthostachys mollis [54,93], Uncaria tomentosa [94], Croton lechleri [76,95,96],
Smallanthus sonchifolius [97–100], and Lepidium meyenii [101,102]), the simplified molecular-
input line-entry system (SMILE) was searched and retrieved from DrugBank (https://go.
drugbank.com, accessed on 17 July 2021) or PubChem (https://pubchem.ncbi.nlm.nih.gov,
accessed on 18 July 2021) servers. The physicochemical properties such as total molecular
weight (MW), octanol/water partition coefficient (cLogP), number of H-bond acceptors
(HBAs), number of H-bond donors (HBDs), and the molecular polar surface area (PSA) for
each compound were calculated within the Osiris DataWarrior v05.02.01 software [103].

4.2. Docking Procedure and Virtual Screening

The FASTA sequences of the compound targets the angiotensin II type 1 receptor
(AT1R) (PDB ID: 4ZUD), tau (region from the 306 to 378 residues) (PDB ID: 5O3T), and
amyloid beta (PDB ID: 1IYT) were retrieved from Protein Data Bank (https://www.rcsb.org,
accessed on 10 September 2021). Furthermore, the compounds were imported into Open-
Babel within the Python Prescription Virtual Screening Tool (PyRx) [104] and subjected to
energy minimization. PyRx performs structure-based virtual screening, applying docking
simulations using the AutoDock Vina tool [105], whereas the drug targets were uploaded as
macromolecules. For the analysis, the search space encompassed the whole of the modelled
3D models; the docking simulation was then run at an exhaustiveness of 8 and set to only
output the lowest energy pose.

The Osiris DataWarrior software was employed to calculate the drug-likeness score of
each compound; the calculation is based on a library of ~5300 substructure fragments and
their associated drug-likeness scores. This library was prepared by fragmenting 3300 com-
mercial drugs and 15,000 commercial non-drug-like Fluka compounds. Furthermore, the
potential tumorigenic, mutagenic, and irritant actions of each compound were predicted by
comparison to a precompiled fragment library derived from the RTECS (Registry of Toxic
Effects of Chemical Substances) database [103].

4.3. ADME/TOX

The Lipinski rule of five (RO5) was used to evaluate compounds that violated more
than one of the rules: absorption, distribution, metabolism, excretion, toxicity properties,
and predicted medial lethal dose (LD50) of the compounds were predicted using Swiss-
ADME (http://www.swissadme.ch, accessed on 11 October 2021) [106] and PROTOX-II
web server (https://tox-new.charite.de/protox_II/, accessed on 14 October 2021) [107].

4.4. Ligand Preparation

Ligands were downloaded from PubChem server. Each input file was generated on
the ACPYPE server [108]. For this calculation, the semi-empirical charge method AM1-BCC
and parameters to reproduce HF/6-31G * RESP charges were selected and implemented
in ANTECHAMBER [109]. AMBER to define atom type and zero total net charges were
considered. The molecules retrieved are shown in Tables S1–S6, and natural compounds
in clinical phase II and III studies were considered as controls, as shown in Table S7,
Supplementary Materials [62].

https://go.drugbank.com
https://go.drugbank.com
https://pubchem.ncbi.nlm.nih.gov
https://www.rcsb.org
http://www.swissadme.ch
https://tox-new.charite.de/protox_II/
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4.5. Molecular Dynamics Simulations and Molecular Mechanics Generalized Born Surface
Area Calculations

The protein (AT1R) and peptides (tau and amyloid beta) structures were edited in a
Text Editor, removing not-essential molecules for calculation. Moreover, the best systems
obtained by virtual screening were considered to analyze the coupled systems. Conse-
quently, molecular dynamics (MD) simulations were carried out in GROMACS v. 2020 [110].
We considered an AMBER99SB-ILDN force field, explicit solvent (TIP4P water model),
and ions to neutralize the system. The systems were minimized with the steepest descent
algorithm for 50,000 steps. Then, the equilibrium MD calculations in the NVT (number
of molecules, volume, and temperature constant) canonical ensemble with the V-rescale
thermostat at 309.65 K with a calculation of 10 ns were performed.

The final analysis was the MD production without restraint condition in the isobaric-
isothermal ensemble with V-rescale thermostat at 309.65 K and Parrinello–Rahman barostat
at 1 bar of reference pressure with a trajectory of 100 ns. The thermodynamic parameters of
each system were analyzed using the Gromacs tools and the plotting graph realized with
Gnuplot v5 package [111].

The molecular mechanics generalized born surface area (MM/GBSA) was used to
determine the binding free energy of receptor–ligand using gmx MMPBSA v1.4.1 [112]
tool based on MMPBSA.py [113], from AmberTools20 suite. In general, this estimation
calculates the free energy difference between the bound and unbound form of the receptor
as the following equation:

∆Gbind = Gcomplex − Gprotein − Gligand (1)

where ∆Gbind is the binding free energy and Gcomplex (free energy of complex), Gprotein
(free energy of protein), and Gligand (free energy ligand).

The molecular visualizations of the interaction of the complex receptor–ligand struc-
ture and output files were carried out using the VMD v1.9.4 (Visual Molecular Dynamics)
software [114], and the 2D diagrams of receptor–ligand were generated and visualized
using the Ligplot+ software [115].

5. Conclusions

This study identified three natural substances with potential effects against tau (rutin),
amyloid beta (brassicasterol), and AT1R receptors (floribundic acid) using in silico analysis
from the scarce available data and research of Peruvian natural products. The ADME/TOX
analysis predicted no toxic effects for these compounds, showing them as possible al-
ternatives for drug formulations. The RMSD simulations and predictions have demon-
strated higher docking stabilities for the systems with their optimal ligands compared to
their controls.

We observed the potential uses of Peruvian native plants, such as S. sonchilofolius, L.
meyenii, and C. lechleri, against Alzheimer’s disease or dementia-related neurovascular issues.

However, further in vitro and in vivo studies of these compounds are required to
confirm these results. In addition, several vegetal sources might be further studied or
characterized in order to analyze their potential against more neurovascular or neurode-
generative diseases.

Supplementary Materials: The following are available online. Table S1: Natural compounds de-
scription of Smallanthus sonchifolius; Table S2: Natural compounds description of Lepidium meyenii;
Table S3: Natural compounds description of Croton lechleri; Table S4: Natural compounds description
of Uncaria tomentosa; Table S5: Natural compounds description of Minthostachys mollis; Table S6:
Natural compounds description of Physalis peruvianus; Table S7: Values of binding affinity [kcal/mol]
of phytochemical ligand molecules relative to tau peptides obtained during docking stage, Table S8:
values of binding affinity [kcal/mol] of phytochemical ligand molecules relative to β-amyloid pep-
tides obtained during docking stage, Table S9: values of binding affinity [kcal/mol] of phytochemical
ligand molecules relative to AT2R1 receptor obtained during docking stage.
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Ethnopharmacological approaches for dementia therapy and significance of natural products and herbal drugs. Front. Aging
Neurosci. 2018, 10, 3. [CrossRef]

31. Rubio, J.; Caldas, M.; Dávila, S.; Gasco, M.; Gonzales, G.F. Effect of three different cultivars of Lepidium meyenii (Maca) on learning
and depression in ovariectomized mice. BMC Complement. Altern. Med. 2006, 6, 23. [CrossRef]

32. Cui, B.; Zheng, B.L.; He, K.; Zheng, Q.Y. Imidazole alkaloids from lepidium m eyenii. J. Nat. Prod. 2003, 66, 1101–1103. [CrossRef]
33. Muhammad, I.; Zhao, J.; Dunbar, D.C.; Khan, I.A. Constituents of Lepidium meyenii ‘maca’. Phytochemistry 2002, 59, 105–110.

[CrossRef]
34. Zhou, J.-Y.; Zhou, S.-W. Isorhynchophylline: A plant alkaloid with therapeutic potential for cardiovascular and central nervous

system diseases. Fitoterapia 2012, 83, 617–626. [CrossRef] [PubMed]
35. Yang, W.; Ip, S.-P.; Liu, L.; Xian, Y.-F.; Lin, Z.-X. Uncaria rhynchophylla and its major constituents on central nervous system: A

review on their pharmacological actions. Curr. Vasc. Pharmacol. 2020, 18, 346–357. [CrossRef] [PubMed]
36. Tettey, C.O.; Yang, I.-J.; Shin, H.-M. Vasodilatory effect of kaempferol-7-O-α-L-rhamnopyranoside via NO-cGMP-PKG signaling.

Arch. Biochem. Biophys. 2019, 667, 1–5. [CrossRef] [PubMed]
37. Lock, O.; Perez, E.; Villar, M.; Flores, D.; Rojas, R. Bioactive compounds from plants used in Peruvian traditional medicine. Nat.

Prod. Commun. 2016, 11, 315–337. [PubMed]
38. Rubio, J.; Dang, H.; Gong, M.; Liu, X.; Chen, S.; Gonzales, G.F. Aqueous and hydroalcoholic extracts of Black Maca (Lepidium

meyenii) improve scopolamine-induced memory impairment in mice. Food Chem. Toxicol. 2007, 45, 1882–1890. [CrossRef]
[PubMed]

39. Koeberle, A.; Werz, O. Multi-target approach for natural products in inflammation. Drug Discov. Today 2014, 19, 1871–1882.
[CrossRef]

40. Rastelli, G.; Pinzi, L. Computational polypharmacology comes of age. Front. Pharmacol. 2015, 6, 157. [CrossRef]
41. Chaudhari, R.; Fong, L.W.; Tan, Z.; Huang, B.; Zhang, S. An up-to-date overview of computational polypharmacology in modern

drug discovery. Expert Opin. Drug Discov. 2020, 15, 1025–1044. [CrossRef]
42. Baek, S.; Choi, N.H.; Lee, K.-P.; Jhun, H.; Kim, J. Smallanthus sonchifolius leaf attenuates neuroinflammation. J. Exerc. Nutr. Biochem.

2018, 22, 31–35. [CrossRef]
43. Martinez-Oliveira, P.; de Oliveira, M.F.; Alves, N.; Coelho, R.P.; Pilar, B.C.; Güllich, A.A.; Ströher, D.J.; Boligon, A.; Piccoli, J.d.C.E.;

Mello-Carpes, P.B. Yacon leaf extract supplementation demonstrates neuroprotective effect against memory deficit related to
β-amyloid-induced neurotoxicity. J. Funct. Foods 2018, 48, 665–675. [CrossRef]

44. Olofinnade, A.T.; Alawode, A.; Onaolapo, A.Y.; Onaolapo, O.J. Lepidium meyenii Supplemented Diet Modulates Neurobehavioral
and Biochemical Parameters in Mice Fed High-Fat High-Sugar Diet. Endocr. Metab. Immune Disord. Drug Targets 2021, 21,
1333–1343. [CrossRef] [PubMed]

http://doi.org/10.1055/s-2002-36344
http://doi.org/10.1155/2012/978127
http://doi.org/10.1016/S0254-6272(13)60189-2
http://doi.org/10.3736/jcim20080707
http://www.ncbi.nlm.nih.gov/pubmed/18601850
http://doi.org/10.1155/2015/828427
http://www.ncbi.nlm.nih.gov/pubmed/26587048
http://doi.org/10.1007/s00011-013-0640-1
http://doi.org/10.1155/2017/1591762
http://doi.org/10.1021/acs.jafc.0c01554
https://www2.congreso.gob.pe/sicr/cendocbib/con4_uibd.nsf/9A45F1BED1AB7C6705257CCA00550ABD/$FILE/GuiaBioclim%C3%A1tica2008.pdf
https://www2.congreso.gob.pe/sicr/cendocbib/con4_uibd.nsf/9A45F1BED1AB7C6705257CCA00550ABD/$FILE/GuiaBioclim%C3%A1tica2008.pdf
https://www2.congreso.gob.pe/sicr/cendocbib/con4_uibd.nsf/9A45F1BED1AB7C6705257CCA00550ABD/$FILE/GuiaBioclim%C3%A1tica2008.pdf
http://doi.org/10.3389/fnagi.2018.00003
http://doi.org/10.1186/1472-6882-6-23
http://doi.org/10.1021/np030031i
http://doi.org/10.1016/S0031-9422(01)00395-8
http://doi.org/10.1016/j.fitote.2012.02.010
http://www.ncbi.nlm.nih.gov/pubmed/22406453
http://doi.org/10.2174/1570161117666190704092841
http://www.ncbi.nlm.nih.gov/pubmed/31272356
http://doi.org/10.1016/j.abb.2019.04.001
http://www.ncbi.nlm.nih.gov/pubmed/30981710
http://www.ncbi.nlm.nih.gov/pubmed/27169179
http://doi.org/10.1016/j.fct.2007.04.002
http://www.ncbi.nlm.nih.gov/pubmed/17543435
http://doi.org/10.1016/j.drudis.2014.08.006
http://doi.org/10.3389/fphar.2015.00157
http://doi.org/10.1080/17460441.2020.1767063
http://doi.org/10.20463/jenb.2018.0014
http://doi.org/10.1016/j.jff.2018.08.004
http://doi.org/10.2174/1871530320666200821155005
http://www.ncbi.nlm.nih.gov/pubmed/32955007


Molecules 2022, 27, 918 16 of 18

45. Leuci, R.; Brunetti, L.; Poliseno, V.; Laghezza, A.; Loiodice, F.; Tortorella, P.; Piemontese, L. Natural compounds for the prevention
and treatment of cardiovascular and neurodegenerative diseases. Foods 2021, 10, 29. [CrossRef] [PubMed]

46. Gugnani, K.S.; Vu, N.; Rondón-Ortiz, A.N.; Böhlke, M.; Maher, T.J.; Pino-Figueroa, A.J. Neuroprotective activity of macamides
on manganese-induced mitochondrial disruption in U-87 MG glioblastoma cells. Toxicol. Appl. Pharmacol. 2018, 340, 67–76.
[CrossRef]

47. Diedrich, C.; da Silva, L.D.; Sari, R.; de Cristo Borges, G.C.; Muniz, H.S.; de Lima, V.A.; Oldoni, T.L.C.; Carpes, S.T. Bioactive
compounds extraction of Croton lechleri barks from Amazon forest using chemometrics tools. J. King Saud Univ. 2021, 33, 101416.
[CrossRef]

48. Chen, Z.; Bertin, R.; Marin, R.; Medjiofack Djeujo, F.; Froldi, G. Effects of Croton lechleri sap (Sangre de Drago) on AGEs formation,
LDL oxidation and oxidative stress related to vascular diseases. Nat. Prod. Res. 2021, 1–5. [CrossRef] [PubMed]

49. Xu, Q.-Q.; Shaw, P.C.; Hu, Z.; Yang, W.; Ip, S.-P.; Xian, Y.-F.; Lin, Z.-X. Comparison of the chemical constituents and anti-
Alzheimer’s disease effects of Uncaria rhynchophylla and Uncaria tomentosa. Chin. Med. 2021, 16, 110. [CrossRef]

50. Shi, Z.; Lu, Z.; Zhao, Y.; Wang, Y.; Zhao-Wilson, X.; Guan, P.; Duan, X.; Chang, Y.-Z.; Zhao, B. Neuroprotective effects of aqueous
extracts of Uncaria tomentosa: Insights from 6-OHDA induced cell damage and transgenic Caenorhabditis elegans model.
Neurochem. Int. 2013, 62, 940–947. [CrossRef]

51. Castilhos, L.G.; Oliveira, J.S.; Adefegha, S.A.; Manzoni, A.G.; Passos, D.F.; Assmann, C.E.; Silveira, L.L.; Trelles, K.B.;
Kronbauer, M.; Doleski, P.H.; et al. Uncaria tomentosa improves cognition, memory and learning in middle-aged rats. Exp.
Gerontol. 2020, 138, 111016. [CrossRef]

52. Franco, L.A.; Matiz, G.E.; Calle, J.; Pinzón, R.; Ospina, L.F. Actividad antinflamatoria de extractos y fracciones obtenidas de cálices
de Physalis peruviana L. Biomédica 2007, 27, 110–115. [CrossRef]

53. Areiza-Mazo, N.; Robles, J.; Zamudio-Rodriguez, J.A.; Giraldez, L.; Echeverria, V.; Barrera-Bailon, B.; Aliev, G.; Sahebkar, A.;
Ashraf, G.M.; Barreto, G.E. Extracts of Physalis peruviana Protect Astrocytic Cells Under Oxidative Stress With Rotenone. Front.
Chem. 2018, 6, 276. [CrossRef]

54. Benites, J.; Guerrero-Castilla, A.; Salas, F.; Martinez, J.L.; Jara-Aguilar, R.; Venegas-Casanova, E.A.; Suarez-Rebaza, L.;
Guerrero-Hurtado, J.; Calderon, P.B. Chemical composition, in vitro cytotoxic and antioxidant activities of the essential oil of
Peruvian Minthostachys mollis Griseb. Boletín Latinoam. Caribe Plantas Med. Aromáticas 2018, 17, 566–574.

55. Espinoza Medrano, D.A. Efecto Antiinflamatorio de un Gel Elaborado a Base de Extracto Seco de Hojas de Minthostachys Mollis
(Muña) en Rattus Rattus. Bachelor’s Thesis, Universidad Católica los Ángeles de Chimbote, Chimbote, Peru, 2018.

56. Sabbagh, M.N.; Hendrix, S.; Harrison, J.E. FDA position statement “Early Alzheimer’s disease: Developing drugs for treatment,
Guidance for Industry”. Alzheimer’s Dement. Transl. Res. Clin. Interv. 2019, 5, 13–19. [CrossRef] [PubMed]

57. Fleck, L.M. Alzheimer’s and Aducanumab: Unjust Profits and False Hopes. Hastings Cent. Rep. 2021, 51, 9–11. [CrossRef]
[PubMed]

58. Lamar, M.; Boots, E.A.; Arfanakis, K.; Barnes, L.L.; Schneider, J.A. Common brain structural alterations associated with
cardiovascular disease risk factors and Alzheimer’s dementia: Future directions and implications. Neuropsychol. Rev. 2020, 30,
546–557. [CrossRef]

59. Lin, Y.-T.; Wu, Y.-C.; Sun, G.-C.; Ho, C.-Y.; Wong, T.-Y.; Lin, C.-H.; Chen, H.-H.; Yeh, T.-C.; Li, C.-J.; Tseng, C.-J. Effect of resveratrol
on reactive oxygen species-induced cognitive impairment in rats with angiotensin II-induced early Alzheimer’s disease. J. Clin.
Med. 2018, 7, 329. [CrossRef]

60. Trofimiuk, E.; Wielgat, P.; Braszko, J.J. Candesartan, angiotensin II type 1 receptor blocker is able to relieve age-related cognitive
impairment. Pharmacol. Rep. 2018, 70, 87–92. [CrossRef]

61. Royea, J.; Hamel, E. Brain angiotensin II and angiotensin IV receptors as potential Alzheimer’s disease therapeutic targets.
Geroscience 2020, 42, 1237–1256. [CrossRef] [PubMed]

62. Cummings, J.; Lee, G.; Ritter, A.; Sabbagh, M.; Zhong, K. Alzheimer’s disease drug development pipeline: 2020. Alzheimer’s
Dement. Transl. Res. Clin. Interv. 2020, 6, e12050. [CrossRef]

63. Jones, G.M.M.; Sahakian, B.J.; Levy, R.; Warburton, D.M.; Gray, J.A. Effects of acute subcutaneous nicotine on attention,
information processing and short-term memory in Alzheimer’s disease. Psychopharmacology 1992, 108, 485–494. [CrossRef]

64. Baum, L.; Lam, C.W.K.; Cheung, S.K.-K.; Kwok, T.; Lui, V.; Tsoh, J.; Lam, L.; Leung, V.; Hui, E.; Ng, C. Six-month randomized,
placebo-controlled, double-blind, pilot clinical trial of curcumin in patients with Alzheimer disease. J. Clin. Psychopharmacol. 2008,
28, 110–113. [CrossRef]

65. Szaniszlo, P.; German, P.; Hajas, G.; Saenz, D.N.; Kruzel, M.; Boldogh, I. New insights into clinical trial for colostrininTM in
Alzheimer’s disease. J. Nutr. Health Aging 2009, 13, 235–241. [CrossRef] [PubMed]

66. Ramsay, R.R.; Popovic-Nikolic, M.R.; Nikolic, K.; Uliassi, E.; Bolognesi, M.L. A perspective on multi-target drug discovery and
design for complex diseases. Clin. Transl. Med. 2018, 7, 3. [CrossRef] [PubMed]

67. Zhang, W.; Pei, J.; Lai, L. Computational multitarget drug design. J. Chem. Inf. Model. 2017, 57, 403–412. [CrossRef]
68. Astiti, M.A.; Jittmittraphap, A.; Leaungwutiwong, P.; Chutiwitoonchai, N.; Pripdeevech, P.; Mahidol, C.; Ruchirawat, S.;

Kittakoop, P. LC-QTOF-MS/MS Based Molecular Networking Approach for the Isolation of α-Glucosidase Inhibitors and
Virucidal Agents from Coccinia grandis (L.) Voigt. Foods 2021, 10, 3041. [CrossRef]

69. Goyzueta-Mamani, L.D.; Barazorda-Ccahuana, H.L.; Mena-Ulecia, K.; Chávez-Fumagalli, M.A. Antiviral Activity of Metabolites
from Peruvian Plants against SARS-CoV-2: An In Silico Approach. Molecules 2021, 26, 3882. [CrossRef]

http://doi.org/10.3390/foods10010029
http://www.ncbi.nlm.nih.gov/pubmed/33374186
http://doi.org/10.1016/j.taap.2017.12.014
http://doi.org/10.1016/j.jksus.2021.101416
http://doi.org/10.1080/14786419.2021.1960520
http://www.ncbi.nlm.nih.gov/pubmed/34338088
http://doi.org/10.1186/s13020-021-00514-2
http://doi.org/10.1016/j.neuint.2013.03.001
http://doi.org/10.1016/j.exger.2020.111016
http://doi.org/10.7705/biomedica.v27i1.237
http://doi.org/10.3389/fchem.2018.00276
http://doi.org/10.1016/j.trci.2018.11.004
http://www.ncbi.nlm.nih.gov/pubmed/31650002
http://doi.org/10.1002/hast.1264
http://www.ncbi.nlm.nih.gov/pubmed/34156732
http://doi.org/10.1007/s11065-020-09460-6
http://doi.org/10.3390/jcm7100329
http://doi.org/10.1016/j.pharep.2017.07.016
http://doi.org/10.1007/s11357-020-00231-y
http://www.ncbi.nlm.nih.gov/pubmed/32700176
http://doi.org/10.1002/trc2.12050
http://doi.org/10.1007/BF02247426
http://doi.org/10.1097/jcp.0b013e318160862c
http://doi.org/10.1007/s12603-009-0065-2
http://www.ncbi.nlm.nih.gov/pubmed/19262960
http://doi.org/10.1186/s40169-017-0181-2
http://www.ncbi.nlm.nih.gov/pubmed/29340951
http://doi.org/10.1021/acs.jcim.6b00491
http://doi.org/10.3390/foods10123041
http://doi.org/10.3390/molecules26133882


Molecules 2022, 27, 918 17 of 18

70. Chen, S.-Y.; Chu, C.-C.; Chyau, C.-C.; Yang, J.-W.; Duh, P.-D. Djulis (Chenopodium formosanum) and its bioactive compounds affect
vasodilation, angiotensin converting enzyme activity, and hypertension. Food Biosci. 2019, 32, 100469. [CrossRef]

71. Satari, A.; Ghasemi, S.; Habtemariam, S.; Asgharian, S.; Lorigooini, Z. Rutin: A Flavonoid as an Effective Sensitizer for Anticancer
Therapy; Insights into Multifaceted Mechanisms and Applicability for Combination Therapy. Evid. Based Complement. Altern.
Med. 2021, 2021, 9913179. [CrossRef]

72. Hassan, S.T.S. Brassicasterol with Dual Anti-Infective Properties against HSV-1 and Mycobacterium tuberculosis, and Cardiovas-
cular Protective Effect: Nonclinical In Vitro and In Silico Assessments. Biomedicines 2020, 8, 132. [CrossRef]

73. Yu, P.; Lou, D.; Qi, L.; Chen, Z. The novel antiviral properties of brassicasterol against human adenovirus. Future Virol. 2021, 16,
591–600. [CrossRef]

74. Ikarashi, N.; Ono, T.; Hoshino, M.; Toda, T.; Yazawa, Y.; Sugiyama, K. Mechanistic analysis of bladder cancer suppression by
brassicasterol in a rat model of N-butyl-N-(4-hydroxybutyl) nitrosamine-induced bladder cancer. Tradit. Kampo Med. 2021, 8,
163–169. [CrossRef]

75. Vanmierlo, T.; Popp, J.; Kölsch, H.; Friedrichs, S.; Jessen, F.; Stoffel-Wagner, B.; Bertsch, T.; Hartmann, T.; Maier, W.;
von Bergmann, K. The plant sterol brassicasterol as additional CSF biomarker in Alzheimer’s disease. Acta Psychiatr. Scand. 2011,
124, 184–192. [CrossRef] [PubMed]

76. De Marino, S.; Gala, F.; Zollo, F.; Vitalini, S.; Fico, G.; Visioli, F.; Iorizzi, M. Identification of minor secondary metabolites from
the latex of Croton lechleri (Muell-Arg) and evaluation of their antioxidant activity. Molecules 2008, 13, 1219–1229. [CrossRef]
[PubMed]

77. Kellici, T.F.; Ntountaniotis, D.; Liapakis, G.; Tzakos, A.G.; Mavromoustakos, T. The dynamic properties of angiotensin II type 1
receptor inverse agonists in solution and in the receptor site. Arab. J. Chem. 2019, 12, 5062–5078. [CrossRef]

78. Zhang, H.; Unal, H.; Desnoyer, R.; Han, G.W.; Patel, N.; Katritch, V.; Karnik, S.S.; Cherezov, V.; Stevens, R.C. Structural Basis for
Ligand Recognition and Functional Selectivity at Angiotensin Receptor. J. Biol. Chem. 2015, 290, 29127–29139. [CrossRef]

79. Shakour, N.; Bianconi, V.; Pirro, M.; Barreto, G.E.; Hadizadeh, F.; Sahebkar, A. In silico evidence of direct interaction between
statins and β-amyloid. J. Cell. Biochem. 2019, 120, 4710–4715. [CrossRef] [PubMed]

80. Castro-Silva, E.S.; Bello, M.; Rosales-Hernández, M.C.; Correa-Basurto, J.; Hernández-Rodríguez, M.; Villalobos-Acosta, D.;
Méndez-Méndez, J.V.; Estrada-Pérez, A.; Murillo-Álvarez, J.; Muñoz-Ochoa, M. Fucosterol from Sargassum horridum as an
amyloid-beta (Aβ1-42) aggregation inhibitor: In vitro and in silico studies. J. Biomol. Struct. Dyn. 2021, 39, 1271–1283. [CrossRef]

81. Shahid, S.M.A.; Kuddus, M.; Ahmed, M.Q.; Saleem, M.; Kausar, M.A.; Khalid, M.A.; Alghassab, T.A.; Acar, T.; Alenazi, F.S.H. In
silico approach to discover the role of metals for the treatment of Alzheimer’s disease amyloid-beta (Aβ) peptide. Biochem. Cell.
Arch. 2018, 18, 629–635.

82. Fardanesh, A.; Zibaie, S.; Shariati, B.; Attar, F.; Rouhollah, F.; Akhtari, K.; Shahpasand, K.; Saboury, A.A.; Falahati, M. Amorphous
aggregation of tau in the presence of titanium dioxide nanoparticles: Biophysical, computational, and cellular studies. Int. J.
Nanomed. 2019, 14, 901. [CrossRef]

83. Murugan, N.A.; Nordberg, A.; Ågren, H. Different positron emission tomography tau tracers bind to multiple binding sites on
the tau fibril: Insight from computational modeling. ACS Chem. Neurosci. 2018, 9, 1757–1767. [CrossRef]

84. Kuang, G.; Murugan, N.A.; Zhou, Y.; Nordberg, A.; Ågren, H. Computational Insight into the Binding Profile of the Second-
Generation PET Tracer PI2620 with Tau Fibrils. ACS Chem. Neurosci. 2020, 11, 900–908. [CrossRef]

85. Franzoni, L.; Nicastro, G.; Pertinhez, T.A.; Oliveira, E.; Nakaie, C.R.; Paiva, A.C.M.; Schreier, S.; Spisni, A. Structure of two
fragments of the third cytoplasmic loop of the rat angiotensin II AT1A receptor: Implications with respect to receptor activation
and G-protein selection and coupling. J. Biol. Chem. 1999, 274, 227–235. [CrossRef] [PubMed]

86. Rezaei-Ghaleh, N.; Andreetto, E.; Yan, L.-M.; Kapurniotu, A.; Zweckstetter, M. Interaction between amyloid beta peptide and an
aggregation blocker peptide mimicking islet amyloid polypeptide. PLoS ONE 2011, 6, e20289. [CrossRef] [PubMed]

87. Mudedla, S.K.; Murugan, N.A.; Agren, H. Free energy landscape for alpha-helix to beta-sheet interconversion in small amyloid
forming peptide under nanoconfinement. J. Phys. Chem. B 2018, 122, 9654–9664. [CrossRef] [PubMed]

88. Hernandes-Alejandro, M.; Montaño, S.; Harrington, C.R.; Wischik, C.M.; Salas-Casas, A.; Cortes-Reynosa, P.; Pérez Salazar, E.;
Cazares-Apatiga, J.; Apatiga-Perez, R.; Ontiveros Torres, M.Á. Analysis of the relationship between metalloprotease-9 and tau
protein in Alzheimer’s disease. J. Alzheimer’s Dis. 2020, 76, 553–569. [CrossRef] [PubMed]

89. Lippens, G.; Gigant, B. Elucidating Tau function and dysfunction in the era of cryo-EM. J. Biol. Chem. 2019, 294, 9316–9325.
[CrossRef]

90. Singh, N.; Dwivedi, D.H.; Maji, S.; Kishor, S. Screening of phytometabolites in oil from cape gooseberry (Physalis peruviana L.)
fruit pomace. Acta Hortic. 2020, 1292, 371–376.

91. Ramadan, M.F.; Mörsel, J.-T. Oil goldenberry (Physalis peruviana L.). J. Agric. Food Chem. 2003, 51, 969–974. [CrossRef]
92. Ramadan, M.F. Bioactive phytochemicals of cape gooseberry (Physalis peruviana L.). In Bioactive Compounds in Underutilized Fruits

and Nuts; Springer: Cham, Switzerland, 2020; pp. 75–90.
93. Moreno, W.F.Q.; Torres, W.D.Q.; Ana, A.; Ariasc, G.; Cevallosc, E.; Zambranoc, Z.; Britoa, H.; Salazara, K. Essential oil of

Minthostachys mollis: Extraction and chemical composition of fresh and stored samples. Arab. J. Med. Aromat. Plants 2019, 5,
59–71.

94. Flores-Sanchez, I.J.; Ramos-Valdivia, A.C. A review from patents inspired by two plant genera: Uncaria and Hamelia. Phytochem.
Rev. 2017, 16, 693–723. [CrossRef]

http://doi.org/10.1016/j.fbio.2019.100469
http://doi.org/10.1155/2021/9913179
http://doi.org/10.3390/biomedicines8050132
http://doi.org/10.2217/fvl-2021-0087
http://doi.org/10.1002/tkm2.1289
http://doi.org/10.1111/j.1600-0447.2011.01713.x
http://www.ncbi.nlm.nih.gov/pubmed/21585343
http://doi.org/10.3390/molecules13061219
http://www.ncbi.nlm.nih.gov/pubmed/18596648
http://doi.org/10.1016/j.arabjc.2016.11.014
http://doi.org/10.1074/jbc.M115.689000
http://doi.org/10.1002/jcb.27761
http://www.ncbi.nlm.nih.gov/pubmed/30260016
http://doi.org/10.1080/07391102.2020.1729863
http://doi.org/10.2147/IJN.S194658
http://doi.org/10.1021/acschemneuro.8b00093
http://doi.org/10.1021/acschemneuro.9b00578
http://doi.org/10.1074/jbc.274.1.227
http://www.ncbi.nlm.nih.gov/pubmed/9867834
http://doi.org/10.1371/journal.pone.0020289
http://www.ncbi.nlm.nih.gov/pubmed/21633500
http://doi.org/10.1021/acs.jpcb.8b07917
http://www.ncbi.nlm.nih.gov/pubmed/30253649
http://doi.org/10.3233/JAD-200146
http://www.ncbi.nlm.nih.gov/pubmed/32538846
http://doi.org/10.1074/jbc.REV119.008031
http://doi.org/10.1021/jf020778z
http://doi.org/10.1007/s11101-017-9498-0


Molecules 2022, 27, 918 18 of 18

95. Cai, Y.; Evans, F.J.; Roberts, M.F.; Phillipson, J.D.; Zenk, M.H.; Gleba, Y.Y. Polyphenolic compounds from Croton lechleri.
Phytochemistry 1991, 30, 2033–2040. [CrossRef]

96. Ubillas, R.; Jolad, S.D.; Bruening, R.C.; Kernan, M.R.; King, S.R.; Sesin, D.F.; Barrett, M.; Stoddart, C.A.; Flaster, T.; Kuo, J. SP-303,
an antiviral oligomeric proanthocyanidin from the latex of Croton lechleri (Sangre de Drago). Phytomedicine 1994, 1, 77–106.
[CrossRef]

97. Caetano, B.F.R.; de Moura, N.A.; Almeida, A.P.S.; Dias, M.C.; Sivieri, K.; Barbisan, L.F. Yacon (Smallanthus sonchifolius) as a Food
Supplement: Health-Promoting Benefits of Fructooligosaccharides. Nutrients 2016, 8, 436. [CrossRef] [PubMed]

98. Oliveira, R.B.; Chagas-Paula, D.A.; Secatto, A.; Gasparoto, T.H.; Faccioli, L.H.; Campanelli, A.P.; Da Costa, F.B. Topical anti-
inflammatory activity of yacon leaf extracts. Rev. Bras. Farmacogn. 2013, 23, 497–505. [CrossRef]

99. Khajehei, F.; Merkt, N.; Claupein, W.; Graeff-Hoenninger, S. Yacon (Smallanthus sonchifolius Poepp. & Endl.) as a novel source of
health promoting compounds: Antioxidant activity, phytochemicals and sugar content in flesh, peel, and whole tubers of seven
cultivars. Molecules 2018, 23, 278.

100. Contreras-Puentes, N.; Alvíz-Amador, A. Hypoglycaemic Property of Yacon (Smallanthus sonchifolius (Poepp. and Hendl.) H.
Robinson): A Review. Pharmacogn. Rev. 2020, 14, 37–44. [CrossRef]

101. Gonzales, G.F.; Villaorduña, L.; Gasco, M.; Rubio, J.; Gonzales, C. Maca (Lepidium meyenii Walp), una revisión sobre sus
propiedades biológicas. Rev. Peru. Med. Exp. Salud Publica 2014, 31, 100–110. [CrossRef] [PubMed]

102. Peres, N.d.S.L.; Bortoluzzi, L.C.P.; Marques, L.L.M.; Formigoni, M.; Fuchs, R.H.B.; Droval, A.A.; Cardoso, F.A.R. Medicinal effects
of Peruvian maca (Lepidium meyenii): A review. Food Funct. 2020, 11, 83–92. [CrossRef]

103. Sander, T.; Freyss, J.; von Korff, M.; Rufener, C. DataWarrior: An open-source program for chemistry aware data visualization
and analysis. J. Chem. Inf. Model. 2015, 55, 460–473. [CrossRef]

104. Dallakyan, S.; Olson, A.J. Small-molecule library screening by docking with PyRx. Methods Mol. Biol. 2015, 1263, 243–250.
[CrossRef] [PubMed]

105. Trott, O.; Olson, A.J. AutoDock Vina: Improving the speed and accuracy of docking with a new scoring function, efficient
optimization, and multithreading. J. Comput. Chem. 2010, 31, 455–461. [CrossRef] [PubMed]

106. Daina, A.; Michielin, O.; Zoete, V. SwissADME: A free web tool to evaluate pharmacokinetics, drug-likeness and medicinal
chemistry friendliness of small molecules. Sci. Rep. 2017, 7, 42717. [CrossRef]

107. Banerjee, P.; Eckert, A.O.; Schrey, A.K.; Preissner, R. ProTox-II: A webserver for the prediction of toxicity of chemicals. Nucleic
Acids Res. 2018, 46, W257–W263. [CrossRef] [PubMed]

108. Da Silva, A.W.S.; Vranken, W.F. ACPYPE-Antechamber python parser interface. BMC Res. Notes 2012, 5, 367. [CrossRef] [PubMed]
109. Wang, J.; Wang, W.; Kollman, P.A.; Case, D.A. Automatic atom type and bond type perception in molecular mechanical

calculations. J. Mol. Graph. Model. 2006, 25, 247–260. [CrossRef] [PubMed]
110. Van Der Spoel, D.; Lindahl, E.; Hess, B.; Groenhof, G.; Mark, A.E.; Berendsen, H.J.C. GROMACS: Fast, flexible, and free. J. Comput.

Chem. 2005, 26, 1701–1718. [CrossRef]
111. Racine, J. gnuplot 4.0: A portable interactive plotting utility. J. Appl. Econom. 2006, 21, 133–141. [CrossRef]
112. Valdés-Tresanco, M.S.; Valdés-Tresanco, M.E.; Valiente, P.A.; Moreno, E. gmx_MMPBSA: A new tool to perform end-state free

energy calculations with GROMACS. J. Chem. Theory Comput. 2021, 17, 6281–6291. [CrossRef]
113. Miller III, B.R.; McGee, T.D., Jr.; Swails, J.M.; Homeyer, N.; Gohlke, H.; Roitberg, A.E. MMPBSA. py: An efficient program for

end-state free energy calculations. J. Chem. Theory Comput. 2012, 8, 3314–3321. [CrossRef]
114. Humphrey, W.; Dalke, A.; Schulten, K. VMD: Visual molecular dynamics. J. Mol. Graph. 1996, 14, 33–38. [CrossRef]
115. Laskowski, R.A.; Swindells, M.B. LigPlot+: Multiple ligand–protein interaction diagrams for drug discovery. J. Chem. Inf. Model.

2011, 51, 2778–2786. [CrossRef]

http://doi.org/10.1016/0031-9422(91)85063-6
http://doi.org/10.1016/S0944-7113(11)80026-7
http://doi.org/10.3390/nu8070436
http://www.ncbi.nlm.nih.gov/pubmed/27455312
http://doi.org/10.1590/S0102-695X2013005000032
http://doi.org/10.5530/phrev.2020.14.7
http://doi.org/10.17843/rpmesp.2014.311.15
http://www.ncbi.nlm.nih.gov/pubmed/24718534
http://doi.org/10.1039/C9FO02732G
http://doi.org/10.1021/ci500588j
http://doi.org/10.1007/978-1-4939-2269-7_19
http://www.ncbi.nlm.nih.gov/pubmed/25618350
http://doi.org/10.1002/jcc.21334
http://www.ncbi.nlm.nih.gov/pubmed/19499576
http://doi.org/10.1038/srep42717
http://doi.org/10.1093/nar/gky318
http://www.ncbi.nlm.nih.gov/pubmed/29718510
http://doi.org/10.1186/1756-0500-5-367
http://www.ncbi.nlm.nih.gov/pubmed/22824207
http://doi.org/10.1016/j.jmgm.2005.12.005
http://www.ncbi.nlm.nih.gov/pubmed/16458552
http://doi.org/10.1002/jcc.20291
http://doi.org/10.1002/jae.885
http://doi.org/10.1021/acs.jctc.1c00645
http://doi.org/10.1021/ct300418h
http://doi.org/10.1016/0263-7855(96)00018-5
http://doi.org/10.1021/ci200227u

	Introduction 
	Results 
	Literature Research 
	Docking Procedure and Virtual Screening 
	ADME/TOX Analysis 
	Molecular Dynamics Simulations and Molecular Mechanics Generalized Born Surface Area Calculations 

	Discussion 
	Materials and Methods 
	Literature Search Strategy and Data Collection 
	Docking Procedure and Virtual Screening 
	ADME/TOX 
	Ligand Preparation 
	Molecular Dynamics Simulations and Molecular Mechanics Generalized Born Surface Area Calculations 

	Conclusions 
	References

