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Abstract

Background Alzheimer’s (AD) is a neurological disorder that worsens the quality of life and raises the need for care-
takers with no available curative medication for the illness. Therefore, there is a growing concern about the use

of herbal medicine, as it is cost-effective, has minimal side effects, and could slow AD progression and enhance
patients’ quality of life, making it a viable adjuvant therapy. Pithecellobium dulce (Roxb.) Benth F. Leguminosae is widely
consumed in several countries to treat various illnesses. This study used in vitro, in vivo, and in silico studies to investi-
gate the potential use of P. dulce leaves' methanolic extract in treating and preventing Alzheimer’s disease.

Results The in vitro study showed that the extract inhibited 77% of the acetylcholinesterase (AChE) activity,

and the ICs, value was 19.23 £ 1.02 ug/ml. The in vivo study of scopolamine-induced Alzheimer’s confirmed the result
by significantly inhibiting AChE, dopamine, noradrenaline, and malondialdehyde levels and increasing acetylcholine,
and glutathione levels. A phytochemical analysis of the leaves methanolic extract using UPLC-ESI-MS/MS revealed 67
compounds of different chemical classes, 22 flavonoids, 17 phenolic and organic acids, 8 fatty acids, 3 sterols, 6 amino
acids and alkaloids, 5 coumarins, and 2 anthraquinones, 1 sugar, 1 lignin, 1 terpene, and 1 hydrocarbon. It was found
that 5,7, 3", 4', 5™-pentahydroxy-3, 6, 8-tri-methoxy flavone had the strongest binding affinity for AChE (- 18.8 kcal/
mol). Different computational modeling methods were employed, including principal component analysis, ligand-
residue interaction, dynamics cross-correlation matrices analysis, and thermodynamics calculation. The binding of 5, 7,
3,4, 5"-pentahydroxy-3, 6, 8-tri-methoxy flavone to ACh protein decreased the fluctuation and influenced the ligand
optimum orientation on the AChE protein conformational space. Additionally, the drug binding energy of AChE

and the residue correlation in the 5, 7, 3", 4', 5™-pentahydroxy-3, 6, 8-tri-methoxy flavone-AChE system was increased.

Conclusion The P dulce extract contains secondary metabolites that could promisingly be a safe and effective
natural treatment for Alzheimer’s complications through the antioxidant activity, acetylcholinesterase, dopamine,
and noradrenaline inhibition activities and also by increasing the acetylcholine level in the brain.
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Pithecellobium dulce (Roxb.) Benth. (family Legumi-
nosae) is a widespread evergreen tree, commonly known
as Manila tamarind. It is the only Pithecellobium species
that expanded outside its origin. The species’ Latin name
"dulce" denotes the edible pulp sweetness. In contrast,
the genus name is a mix of the Greek words "Pithekos"
(ape) and "Lobos" (pod), as a reference to the shape of its
pod itself [1].

Several nations have traditionally used the different
extracts of P. dulce to treat various ailments. Many active
phytoconstituents in P. dulce are involved in its various
biological activities, including antioxidant, antimicrobial,
anti-diarrheal, anti-inflammatory, anticancer, anticonvul-
sant, hepatoprotective, neuroprotective, and cardiopro-
tective effects [1].

P. dulce fruits are consumed due to their sweet flavor
and nutritional value as a decoction, roasted, or mixed
with agua fresca (a cold tea) or atole (a cornstarch-
based hot beverage) in various parts of India [2]. The
roasted seeds are used as a condiment or coffee substi-
tute or cooked for treating diabetes mellitus and gastric
ulcers [3]. Vitamins such as ascorbic acid, thiamine, and

as phenylalanine, valine, tryptophan, and lysine, and
some vital minerals like Ca, Na, Fe, K, and P, are present
in P. dulce seeds and fruits [4]. The leaves have been tra-
ditionally used for various medicinal purposes. They are
employed as a remedy for indigestion, gall bladder ail-
ments, and preventing miscarriage. Additionally, the
leaves are used to treat both open and closed wounds due
to their anti-inflammatory and antimicrobial properties
[1].

Alzheimer’s (AD) was first identified by the German
psychiatrist Alois Alzheimer in 1906. It is a progressive
and irreversible neurodegenerative disorder defined by
short- and long-term memory impairment, disorienta-
tion, abnormal behavior, sleeping disturbance, motor
skills deterioration, and cognitive function impairment,
leading to the inability to perform simple daily tasks and
eventual total reliance on caregivers. It is the 6th leading
cause of death, with approximately 50 million cases glob-
ally in 2022 and expected to reach 152 million in 2050.
AD burdens patients, their relatives, and the economy,
with an estimated yearly global expense of $1 trillion
[5, 6]. AChE breaks down the neurotransmitter ACh,
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which is vital in neurotransmission regulation at syn-
apses throughout the nervous system [7]. Consequently,
researchers have thoroughly studied cholinesterase
inhibitors such as donepezil, galantamine, huperzine A,
and rivastigmine as symptomatic therapies for AD. Cho-
linergic neurotransmission defects are significant for the
progression of AD [8]. Oxidative stress and inflammation
play crucial roles in the progression of Alzheimer’s dis-
ease (AD) [9]. Oxidative stress results from an imbalance
between the production of reactive oxygen species (ROS)
and the body’s ability to detoxify these reactive interme-
diates. This imbalance leads to cellular damage, particu-
larly in the brain, contributing to neurodegeneration.
Inflammation is another key factor, with activated micro-
glia and astrocytes responding to amyloid-beta (Af)
deposits, leading to the release of inflammatory cytokines
and further oxidative stress [10].

Phytochemical classes such as flavonoids, tannins,
alkaloids, and phenolic acids, as well as their bioactive
phytoconstituents such as quercetin, epigallocatechin-
3-gallate, luteolin, and resveratrol have demonstrated
neuroprotective attributes for the control and treatment
of Alzheimer’s by targeting acetylcholinesterase, inflam-
matory pathways, amyloid senile plaques, oxidation
products, and certain brain receptors while causing little
adverse effects [11].

This study intended to define the phytochemical con-
tent of the P dulce leaves methanolic extract using
UPLC-ESI-MS/MS analysis and assess the in vitro anti-
AChE activity, in vivo anti-Alzheimer’s activity through
the scopolamine-induced Alzheimer in rat model. Also,
utilizing a molecular docking and molecular dynamic
simulations to correlate the identified compounds with
the anti-Alzheimer’s activity.

Methods

Chemicals, reagents, and materials

Chemicals and solvents included distilled water, 0.1%
formic acid, methanol, scopolamine hydrobromide,
donepezil hydrochloride, Abcam acetylcholine (ACh) rat
ELIZA assay kit (ab65345), acetylcholinesterase (AChE),
assay kit (ab138871), My BioSource dopamine (DA)
rat ELIZA assay kit (MBS725908), nor-Adrenalin (NA)
assay kit (MBS269993), tumor necrosis factor-a (TNF-a)
assay kit (MBS2507393), interleukin-15 (IL-1B) assay kit
(MBS825017), Lifespan Biosciences glutathione (GSH)
assay kit (LS-F4612), and malonadehyde (MDA) assay kit
(LS-F4236).
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Plant material

Pithecellobium dulce (Roxb.) Benth. leaves were collected
in September 2020 from a private garden located in El-
Rabwa City, 6 October City, Giza, Egypt. Prof. Dr. Abdel-
Halim Abdel-Magley, Head of Flora, and Phytotaxonomy
Research Unit—Horticulture Research Institute—Giza,
Egypt, recognized and verified the plant. A reference
sample was preserved in the Flora and Phytotaxonomy
Research Unit—Horticulture Research Institute—Giza,
Egypt, under reference No. (CAIM — 218) and anther one
was kept in the herbarium of “Pharmacognosy depart-
ment, Faculty of Pharmacy, Cairo University, Cairo,
Egypt” under reference number 3-1-25-F.

Extraction

The leaves (100 gm) were collected and air-dried for a
few days in the shade. Then, the leaves were ground into
a coarse powder and macerated in 1 L of methanol for
24 h. The methanol was filtered, and the leaves powder
was progressively macerated until exhaustion. This pro-
cess was repeated 3 times. Following full extraction, the
extract was evaporated using a rotary evaporator at low
temperatures (less than 40 °C) and decreasing pressure
till complete dryness. The prepared dry extract (20 gm)
was kept at —20 °C until it was used for UPLC-MS/MS
analyses and biological activity studies.

UPLC-ESI-MS/MS analysis

P dulce leaves methanolic extract chemical profiling
was carried out through UPLC-ESI-MS/MS analysis
using an Acquity UPLC system coupled with (ACQUITY
UPLC-BEH, C18, 50 2.1 mm, 1.7 mm particle size) a
reversed-phase column at the Drug Discovery Research
and Development Centre, Faculty of Pharmacy, Ain
Shams University, Egypt. The analytical conditions were
set as previously reported in [12]. In the range of 100—
1000 m/z, mass spectra were collected for both positive
and negative ion modes. Chromatographic peaks and
mass spectra were obtained by Maslynx 4.1 software.

In vitro acetylcholinesterase activity

The inhibitory effect of P dulce extract on AChE was
assessed utilizing an acetylcholinesterase inhibitor
screening kit (Quanti ChromTM, USA) in compli-
ance with the manufacturer’s guidelines. This assay was
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Fig. 1 AChE inhibition curve of Pdulce leaves methanolic extract

performed based on the method mentioned in [13].
Briefly, 50 puL of P. dulce extract was mixed at pH 8.0 with
125 pL of 5, 5'-dithio-bis-2-nitrobenzoate (DTNB, 99%
purity) and 25 pL of AChE solution in Tris—HCI buffer,
and then for 15 min it was incubated at 25 °C. Donepezil
was used as a standard drug. (0, 0.1, 1, and 10 pg/mL)
different concentrations of the extract were utilized, and
each concentration was assessed three times [14]. The %
of inhibition of AChE was determined using the subse-
quent equation:

[(Absorbance of control—Absorbance of sample)
/Absorbance of control] x 100

Plotting the percent of inhibition against the log con-
centration of P. dulce extract yielded an inhibition curve
from which the IC,, was determined (Fig. 1).

In vivo anti-Alzheimer activity
Animals and experimental design
Forty-eight Wistar albino rat adult males (200-250 g)
were kept in polypropylene cages at the National
Research Centre, Giza, Egypt. The animals were kept
under the same environmental conditions at 25+2 °C.
To help them adapt, the animals were given unre-
stricted access to a commercially available rat pellet
diet and water for seven days before the start of the
study. Six groups of eight rats were created. Rats were
orally administered 3 different doses of P. dulce alco-
holic extract (100, 250, or 500 mg/kg) for 9 days to
investigate the possible preventative effect on Alzhei-
mer’s[11, 12]. Scopolamine (5 mg/kg/day) was prepared
in saline and given intraperitoneally (IP) to the rats for
9 consecutive days.

Group 1 (normal) received saline. Group 2 (dis-
ease) was given IP scopolamine (5 mg/kg). Group
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3 (standard) was given donepezil (2.5 mg/kg),
and Groups 4, 5, and 6 (extract groups) were given
3 doses of P. dulce extract (100, 250, and 500 mg/kg),
respectively. Scopolamine (5 mg/kg) was administered
to each treatment group 30 min after the treatment.

Acute toxicity study

The lethality (LDg,) of the rats was evaluated using
guideline no. 420 of OECD (Organization for Economic
Co-operation and Development). Six groups of six rats
were formed from overnight fasted rats. Alcoholic P
dulce extract suspended in saline was administered to
the rats at escalating dosages (1000, 2000, 3000, 4000,
and 5000 mg/kg body weight). The normal group was
kept under the same conditions and given only a vehi-
cle (saline). The animals were observed for signs of tox-
icity or death for 24 h. Food and drink were provided
ad libitum.

NOR test

The NOR test is largely based on rats’ natural curios-
ity to investigate new items. The rats’ memory and
cognitive function were evaluated on the final 2 days of
the trial [17]. NOR test consists of habituation, famil-
iarization, and test phases. Throughout the 3-min test,
rats were allowed to explore if they touched the object
or pointed their noses 2 cm away from it. A timer was
used to track how long the rats spent investigating
the items throughout the three-minute test. T is the
amount of time used to investigate familiar objects, and
T, is the novel object exploration time. The difference
was calculated as Ty — T;.

Memory function, oxidative stress, and inflammatory
parameters

The rats were euthanized on the ninth day follow-
ing the behavioral NOR test. Hippocampal tissue was
extracted from six rats per group (n=6), and the brain
was dissected for further biochemical mixing with 10%
phosphate-buffered saline (PBS) for ELISA assessment
of the memory function parameters AChE activity,
ACh, DA, and NA; the antioxidant parameters GSH
and MDA; and the inflammatory parameters TNF-a
and IL-1f3 [16].

ACh content and AChE activity were measured using
arat ELIZA kit from Abcam (Assay kit ab65345) (nmol/
mg tissue) and (Assay kit ab138871) (U/mg tissue),
respectively [7]. Additionally, DA (Catalog Number:
MBS725908) (ng/mg tissue) and NA (Catalog Number:
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MBS269993) (Pg/mg tissue) were measured using a rat
ELIZA kit from My BioSource.

GSH and MDA levels were assessed using a rat
ELIZA kit from Lifespan Biosciences (Catalog Num-
ber: LS-F4612) (ug/mg tissue) and (Catalog Number:
LS-F4236) (ng/mg tissue), respectively.

TNF-a and IL-1f levels were analyzed using My Bio-
Source rat ELIZA kits (Catalog Number: MBS2507393)
(Pg/mg tissue) and (Catalog Number: MBS825017) (Pg/
mg tissue), respectively.

Statistical methods and data analysis

The statistical analyses included a one-way analysis of
variance (ANOVA) followed by Tukey’s multiple com-
parisons tests (p <0.05), which revealed (a) significant
differences from the normal group and (b) significant
differences from the scopolamine induction group. A
t-test was carried out specifically for (Fig. 2A) to com-
pare the timing of familiar and novel objects, (a) signifi-
cant differences from the familiar object.

In silico study

System preparation

AChE crystal structure (4EY7) was acquired from the
protein data bank [18], and UCSF Chimera [19] was
utilized to construct the crystal structure and eliminate
the hydrogen atoms for docking preparation. The pH
was adjusted to 7.5 using PROPKA [20]. The 2D struc-
ture was obtained by ChemBioDraw Ultra 12.1 [21].
Using the MMFF94 force field and the steepest descent
approach, Avogadro software [22] optimized the 2D
structure for energy minimization.

(2025) 11:30

Page 5 of 19

Molecular docking

The docking calculations were made by AutoDock Vina
[23], and Gasteiger partial charges [24] were assigned
during docking. The MGL tools’ AutoDock graphical
user interface was utilized to outline AutoDock atom
types [25]. The AutoDock Vina grid center coordinates
were x (—6.57), y (—40.40), and z (30.303), and the
search space size was adjusted to 20 A x20 Ax20 A in
the 3 cases and exhaustiveness=8. The docked confor-
mations in declining order of docking energy were gen-
erated by the Lamarckian genetic method [26].

Molecular dynamic (MD) simulations

The atoms and molecules’ physical motion assessment
is facilitated by utilizing MD simulations to investigate
biological systems, which is not readily accessible by
other techniques [27]. This simulation offers a com-
prehensive understanding of the biological systems’
dynamical evolution, including molecular affiliation
and conformational changes [27]. AMBER 18 package
GPU of the PMEMD engine was used to run the MD
simulations for every system [28].

The GAFF (general amber force field) approach made
by ANTECHAMBER [29] was utilized to compute
every chemical partial atomic charge. Within the TIP3P
water molecules’ orthorhombic box, each system was
implicitly solvated within 10 A of any box edge by the
AMBER 18 package Leap module. To neutralize the
Leap module, the counter ions Cl~ and Na* were intro-
duced to each system. A 2000-step initial minimization
with an imposed restraint potential of 500 kcal/mol was
applied to each system, and then a full minimization
was performed for 1000-step with the conjugate gradi-
ent algorithm without restrictions.

Each system was heated incrementally over 500 ps,
from 0 to 300 K, to guarantee that every system had a
fixed volume and number of atoms throughout the MD
simulation. The system’s solutes experienced a poten-
tial harmonic limitation of 10 kcal/mol and a collision
frequency of 1 ps. A constant temperature of 300 K was
used to heat every system and then allowed to equilibrate
for 500 ps. The pressure and the number of atoms in
every system were maintained constant for every produc-
tion simulation to replicate the NPT (isobaric-isothermal
ensemble). Berendsen barostat was utilized to keep the
pressure of the system at 1 bar [30]. Every system was MD
simulated for 20 ns. The SHAKE approach was utilized
for every simulation, to build the hydrogen bond atoms.
Every simulation integrated an SPFP precision model and
used a 2 fs step size. The NPT with randomized seed-
ing, a 300 K temperature, 1 bar constant pressure, 2 ps
pressure-coupling constant, and a Langevin thermostat
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with 1 ps collision frequency were used for simulation
conduction.

Post-MD analysis

Upon the MD simulations completion, the trajectories
were stored at 1-ps intervals and examined utilizing the
AMBERI18 suite’s CPPTRA] [31] module. All the visuali-
zations and graphs were constructed utilizing Chimera
[19] and Origin data analysis software [32].

Thermodynamic calculation

Ligand-binding affinities calculation was made utilizing
the MM/PBSA (Poisson—Boltzmann) [33] approach or
the MM/GBSA (generalized Born and surface area con-
tinuum solvation) [34]. Within a specified force field, the
MM/GBSA and MM/PBSA employ the molecular simu-
lations of the protein-ligand complex to yield precise
statistical-mechanical binding free energy [35].

The average of the binding free energy was estimated
from over 200 snapshots produced from the 20 ns trajec-
tory. The AG which is the change in binding free energy
was estimated for each molecular species (complex,
ligand, and receptor) as follows [36]:

AGbhind = Geomplex — Greceptor — Gligand (1)
AGping = Egas + Gsol — TS 2)
Egas = Eint + Evaw + Eele (3)
Gsol = Ggp + Gsa (4-)
Gsa = y SASA (5)
where the gas-phase energy is represented by (E,), the
internal energy by (E;,,), the Coulomb energy by (E,,.), the

van der Waals energy by (E,4,), the solute total entropy
by (S), the temperature by (7), the solution-free energy
by (G,,), and the polar states and the non-polar states
energy by (Ggp) and (Gg,), respectively. The E,,; was
assessed using the FF14SB force field words. To compute
G, the Ggp and (Gg,) were used. The Gg, was com-
puted utilizing a 1.4 A water probe radius from the SASA
[37, 38]. Conversely, the GB equation was solved to assess
the Ggp contribution. Amberl8s MM/GBSA-binding
free energy technique was utilized to estimate the impact
of every residue on the overall binding free energy.

Results

UPLC-ESI-MS/MS analysis

UPLC-ESI-MS/MS was utilized to profile the P dulce
leaves methanolic extract metabolites. Retention time

(2025) 11:30
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(R,)), mass, and MS? (in both positive and negative ioniza-
tion modes) were employed to identify the compounds by
comparing them with the reported literature and online
public databases. This led to the identification of 67 com-
pounds of different chemical classes, 22 flavonoids, 17
phenolic and organic acids, 8 fatty acids, 6 amino acids
and alkaloids, 5 coumarins, 3 sterols, 2 anthraquinones,
1 sugar, 1 lignin, 1 terpene, and 1 hydrocarbon (Table 1).

Flavonoids and flavonoidal glycosides

Flavonoids and flavonoidal glycosides were the most
prominent classes of tentatively identified metabo-
lites representing 22 compounds. Compounds tenta-
tively identified in the positive mode are described as
follows quercetin-3-O-rhamnoside (quercitrin) (13) (Fig.
S4) (Cy;H,y0;,) was determined based on m/z 477/449
[M—H]~/ [M+H]* molecular ions and MS? at m/z 303
[M+H-CH,,0,]* and 287 [M+H-C.H,,0,-OH]*
[39]. Compound (47) detected with m/z 611 [M+H]*
(Cy;H300;¢) and MS? at m/z 303 [M+H-C;,H,,00]"
which was tentatively identified as rutin [39]. Com-
pound (18) (Fig. S6) exhibited [M+H]* at m/z 287 and
MS? of 241 [M+H-CHO,]%,165 [M+H - C,H0,]%,
and 153 [M+H-CgH.O,]" which tentatively identi-
fied as kaempferol [43]. Additionally, compounds (6)
(Fig. S3) and (16) (Fig. S5) were tentatively identified
as kaempferol-3-O-glucoside with [M+H]" at m/z 499
(Cy1Hy004;) and kaempferol-3-O-rhamnoside (afzelin)
with [M+H]* at m/z 433 (CyH,0;,) with MS? at m/z
287 [M+H-CH,,O0]* and [M+H-CH,,0,]", respec-
tively [39]. Isorhamnetin (32) showed [M+H]* at m/z
317 (CyH,,0,) and MS? at m/z 300 [M +H-CH,]* [47].
Besides, compounds tentatively identified in the nega-
tive mode: Compound (8) was identified as 4"-O-methyl
epigallocatechin 3-O-gallate with [M-H]™ at m/z 471
(Cy3H50O4;) yielding product ions at m/z 319 [M-H-
C,H,0,]” and m/z 169 [M-H-C;;H,,0;]™ [41]. Kaemp-
ferol-di-O-rhamnoside (30) exhibited [M-H]™ at m/z
577 (Cy,HgO1,) with MS?* at m/z 431 [M-H-C¢H,,0,]
and 285 [M-H- C;,H,,Og] [45]. Isorhamnetin glucuron-
ide (7) was detected with [M-H]~ at m/z 491 and MS? at
m/z 315 [M-H-C,HyO(]™ [40]. One flavan-3-ol and two
metabolites of proanthocyanidins were tentatively iden-
tified. Epicatechin or catechin (26) was detected with
[M-H]™ at m/z 289 (C;5H;,0), yielding the characteris-
tic product ions at m/z 245 [M-H-CO,]~, m/z 205 [M-H-
C,H,0,]” and m/z 123 [M-H-C,HO,]™ [41]. Likewise,
[M-H]™ at m/z 865 (C,5H330;4) showed a product ion at
m/z 577 [M-H-CsH,,0¢]™ and m/z 289 [M-H-C;H,,04-
C;sH1,0(]” and the [M+H]* at m/z 579 (C3HO05))
showed a product ion at m/z 427 [M+H-CgHgO,]" and
m/z 291 [M+H- C;:H,,04]*, ascribed for the existence
of epicatechin or catechin and hence were identified as
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Table 1 Metabolite profiling of R dulce leaves extract via UPLC-ESI-MS/MS (positive and negative ion modes)

Peak R;(min) Tentatively identified Molecular formula [M+H]* m/z [M-H]” m/z MS/MS fragmentation References

no. compounds

Flavonoids and flavonoidal glycosides

6 6.22 Kaempferol-3-O-glucoside C1Hy00:; 449 - 287 (39]
(Astragalin)

7 6.22 Isorhamnetin glucuronide CooH0055 - 491 315,301,285, 229, 175,151 [40]

8 6.22 4"-O-methyl epigallocatechin Cy3H5004; - 471 319,169 [41]
3-O-gallate

13 6.5 Quercetin-3-O-rhamnoside Cy1Hy004; 449 447 303, 287 [39]
(quercitrin)

16 6.95 Kaempferol-3-O- rhamnoside C1H50040 433 431 287,285 (39]
(afzelin)

17 6.95 Procyanidin trimer CyusH35044 - 865 577,289 [42]

18 6.95 Kaempferol Ci5H,006 287 - 241,165,153 [43]

20 88 Luteolin CysH100s - 285 227,135 [44]

26 10.66 Catechin/ Epicatechin Ci5H1404 - 289 245,205,179 [41]

30 13.71 Kaempferol-di-O-rhamnoside Co7H30044 - 577 431,285 [45]

31 14.28 Pentahydroxy tri-methoxy CigHi604 393 - 378,347,317,206,193 [46]
flavone

32 14.28 Isorhamnetin CigH10; 317 - 300 [47]

36 1535 Myricetin CysHi00s 319 - 254,153 (48]

40 15.6 Dihydroxy dimethoxy isoflavone  Cy4H;,05 - 313 255 (49]

41 15.74 Rhamnosyl hexosyl methyl CysH3,046 - 623 608,591, 519,477,459,339,315 [50]
quercetin

42 16.6 Trihydroxy methoxy isoflavone  Cy4H;,04 301 - 286, 269 [49]
(tectorigenin)

43 16.6 Procyanidin dimer B2 C30Hy604, 579 - 427,291 [51]

44 1933 5,3-Dihydroxy-7,84-tri-methoxy C,gH,0, - 345 330,315,287 [52]
flavanone

47 20.18 Rutin CoH30046 611 - 609, 465, 303, 449 (39]

48 2093 Isorhamnetin-O-pentosyl- Co7H30046 - 609 315 (53]
hexoside

59 2372 6"-O-acetyl daidzein Cy3H5,010 - 457 221 [41]

63 2703 Naringin 4"-O-glucoside Cy1H404 - 741 433,271 [41]

Phenolic and organic acids and their derivative

2 0.77 Caffeic acid hexoside Ci5H180 - 341 179 [40]

I 6.5 Di-O-caffeoylquinic acid Cy5H,404, - 515 353,335,191,179 [41]

12 6.5 Ellagic acid Ci4HO 303 - 172,158,144,127,116 [46]

14 6.82 2-Hydroxy benzoic acid CHgO5 - 137 93 [54]

15 6.82 Galloyl-coumaric acid pentoside  Cy5H;504 - 447 151 [49]

19 88 Caffeic acid derivative Ci6H200s - 327 179,147 [55]

22 9.27 Dihydroxy benzoic acid methyl ~ C;,H;50, - 329 270,211 (49]
ester hexoside

23 927 3-O-Methy! gallic acid CgHgOs - 183 168,140, 124 (54]

29 13.71 Cinnamic acid CoHgO, - 147 103 [44]

33 15.35 Ferulic acid methyl ester Ci1H:50, 209 - 177,149, 134 [56]

34 15.35 p-Coumaroy! tartaric acid Ci3H501, - 295 115 [54]

35 1535 Cinnamoy! glucose CisHi605 - 309 147,131,103 (54]

38 1546 Caffeoyl tartaric acid Ci3H150, - 3N 179,161 [54]

54 2263 Caffeic acid 3-O-glucuronide CisHi6040 - 355 179 (41]

56 22.96 Pantothenic acid CoHy;NO; 220 - 202, 124,90 (57]

64 2732 Caffeic acid CyHy010 - 179 151,143,133 [41]

66 3127 4-O-Methylgallic acid CgHgOs 185 - 170,142 [41]
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Table 1 (continued)

Peak R, (min) Tentatively identified Molecular formula [M+H]* m/z [M-H]" m/z MS/MS fragmentation References

no. compounds

Fatty acids, sterols, and terpenes

27 10.66 9, 12-Octadecadienoic acid CooH360, - 307 263,95,81,67,55 [54, 55]
ethyl ester

45 1933 Amyrin CaoHs0 - 425 421,407 [60]

46 19.33 Linolenic acid CigH300, 279 277 259, 233,205,179, 223,81,95 (61,62]

49 2093 Linoleic acid CygH3,0, - 279 261,235, 54 [63]

50 2093 Oleic acid C,H340, - 281 263,54

53 2263 Palmitic acid CieH3,05 - 255 239,229,221,213,211,209 [47]

55 22.96 9,17-Octadecadienal CigHO - 265 81,67,48 [54,55]

57 2296 9,11,13-Octadecatrienoic acid CioH30, 293 - 261,243,137 [64]
methyl ester

58 2296 Oleic acid CigH340, 283 - 264,125,83,69, 55 (65]

61 2372 1-Stearoyl-glycerol Cy1Ha0, 359 - 341,323,267 [64]

62 25.44 Stigmasterol CyoHas0 413 - 395,351,273 [66]

65 31.06 a-Tocopherol (Vitamin E) CyoHs500, 430 - 205, 165,43 [67]

Miscellaneous compounds

Amino acids and alkaloids

3 0.96 Pyroglutamic acid CsH/NO; 130 - 102, 84,74,67,56 [61]

4 0.96 Adenosine CioHi3NsO4 268 - 136

5 0.96 2,2,6,6-tetramethyl-1-piperidinol  CgH;oN 158 - 126, 70,69, 41 [64]

24 971  Cytidine CoHy3N505 244 - 112,95 (571

28 11.62 Cysteine C5H,NO,S 122 - 59,76,87 (57

37 15.46 Hypoxanthine CHNLO 137 - 119,110, 94 [57]

Coumarins

21 838 Bergapten C,,HgO, - 215 199,185,171 [68]

25 9.71 Hydroxy coumarin CoHgOs3 163 - 107 [69]

51 21.05 Bergamottin CyH5,0,4 339 - 254 [70]

60 23.72 8-Acetyl-6,7-dimethoxy cou- Ci3H,,05 249 - 115 [69]
marin

67 3133 7-Hydroxy-4-methyl coumarin CigHgO3 - 174 146, 130, 86 [71]
(Hymecromone)

Anthraquinones

9 6.22 Cassiamin B C30H1504 - 537 523 [72]

39 15.46 Aloe-emodin glucoside Cy1Hy004 - 431 269, 240 [73]

Other compounds

1 0.18 Dulcitol CeH1404 183 - 165, 129,99 [74]

10 6.22 Alangilignoside D Cy5H240,, - 551 419,404 [75]

52 21.05 3,7,11,15-tetramethyl 2-hexa- CooHag - 281 70,69, 57 [54, 55]

decene

their oligomers namely, procyanidin trimer (17) and
dimer (43), respectively[42, 51].

Phenolic and organic acids and their derivatives

Phenolic and organic acids were the second most
prominent metabolic class with 17 compounds. Caf-
feic acid hexoside (2) was detected with [M-H]™ at m/z
341 (CsHgOy), producing [M-H-CcH,,Os] prod-
uct ions at m/z 179 [40]. Di-O-caffeoylquinic acid (11)

shows the parent ion [M-H]™ at m/z 515 (C,;H,,045)
with MS? at m/z 353 [M-H-CyHO,], m/z 335 [M-H-
CyHgO,]~, and m/z 191[M-H-C;gH;,0¢]” [41]. Com-
pound (14) was recognized as 2-hydroxy benzoic acid
with [M-H]™ at m/z 137 (C;H,O;) and [M-H-CO,]” at
m/z 93[54]. Compound (19) caffeic acid derivative gave
a molecular ion peak [M-H]™ at m/z 327 (C,H,,0¢), a
147 m/z base peak linked to cinnamic acid, and a peak
at m/z 179 corresponding to caffeic acid [55]. Dihydroxy
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benzoic acid methyl ester hexoside (22) was detected
with [M-H]™ at m/z 329 (C,,H;30,), producing prod-
uct ion at m/z 270 [M-H-COOCH,]™ [49]. Whereas
compound (23) showed [M-H]™ at m/z 183 (C;HgO5),
yielding product ions at m/z 168 [M-H-CH,]™, m/z 140
[M-H-CO,]~, and m/z 124 [M-H-COOCH;]™ was anno-
tated as 3-O-methyl gallic acid [54] while cinnamic acid
(29) was detected with [M-H]™ at m/z 147 (C,HgO,),
yielding m/z 103 [M-H-COO]~ product ion [44]. Like-
wise, compound (33) revealed a molecular ion peak
[M+H]* at m/z 209 (C;;H;,0,), and product ions at
m/z 177 [M+H-CH,O]*, m/z 149 [M+H-C,H,0,]%,
and m/z 134 [M+H-C,H,0-CH,]* were attributed to
ferulic acid methyl ester [56]. Cinnamyl glucose (35) was
recognized with [M-H]™ at m/z 309 (C,,;H;,0,) that pro-
duced m/z 147 [M-H-C,H,,0;]", 131 [M-H-C.H,,O¢]™
and 103 [M-H-C,;H,,O,]” fragment ions [54]. Caffeoyl
tartaric acid (38) was detected with [M-H]™ at m/z 311
(Cy3H1409) which generated fragment ions at m/z 179
[M-H-C,H,0O:]", and m/z 161 [M-H-C,H,O,] " [54].

Fatty acids, sterols, and terpenes

One triterpene, 8 fatty acids, and 3 sterols were tenta-
tively identified in both the positive and negative modes.
Compound (45) was identified as amyrin with [M-H]™ at
m/z 425 (C4,H,0) and m/z 407 [M- H-H,O]™ [60]. The
identified fatty acids and their derivatives (27, 46, 49, 50,
53, 55, 57, 58) were detected in both ESI modes. They
shared the common loss of 18 m/z [-H,0] and 44 m/z
[-CO,] and the characteristic presence of 54 m/z frag-
ment resulting from the a-cleavage and double-bond
transfer of the fatty acids MS/MS fragmentation [76].
The identified sterols (60, 61, 64) were tentatively iden-
tified in ESI-positive mode. 1-Stearoyl-glycerol (61) was

® Familiar

u Novel

Q'\'

Fig.3 A Phase 3 memory test. B NOR difference score memory test
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recognized at m/z 359 (C,;H,,0,) and generated the
fragment ions at m/z 341 [M+H-H,0]* and m/z 267
[M+H-C;HgO54]* [64] while stigmasterol (62) was recog-
nized at m/z 413 (CyH,40), m/z 395 [M+H-H,01*, m/z
351 [M+H-H,0-C3Hg]*, and m/z 273 [M+H-C, Hy,l*
[66]. a-Tocopherol (65) was detected at m/z 430
(Cy9H5,0,) and produced the fragment ions at m/z 205
[C15H,0,]* and m/z 165 [CoH,,0,]* [67].

Miscellaneous compounds

Additional compounds of miscellaneous classes have
been tentatively identified like the monosaccharide dul-
citol (1) which was recognized by m/z 183 [M+H]*
(CeH14O0¢) and MS fragments at m/z 165, m/z 129, and
m/z 99 [74]. Also, 3 amino acids (3, 24, 28) and 3 alka-
loids (4, 5, 37) were detected in ESI-positive mode.
Amino acids have a characteristic loss of 17 m/z [-NH,]
followed by loss of 18 m/z [-H,0], 28 m/z [-CO], 44 m/z
[-CO,], and 42 m/z [-CH,CO] [61]. Adenosine (4) is pre-
sented by a molecular ion peak at m/z 268 (C,,H,3N:;0,)
and m/z 136 fragment ion [61]. Different coumarins (21,
25,51, 60, 67) have been tentatively identified. Bergapten
was identified with [M-H]™ at m/z 215 and fragment
ions [M-CH,] m/z 199, [M-CO] m/z 171, and [M-CO,]
m/z 145 [68]. Hydroxy coumarin (25) was detected
with [M+H]* at m/ z 163 and fragment ion at m/z 107
[M +H-CO-COJ*, while bergamottin (51) was detected
with [M+H]* at m/ z 339 and fragment ion at m/z 245
[M+H-C,HyO]* [69]. 7-Hydroxy-4-methyl coumarin
(67) was detected with [M-H]™ at m/z 174 and produced
the fragments at m/z 146 [M-H-CO]~, m/z 130 [M-H-
CO,]~, and m/z 86 [M-H-C3Hg]™ [71].

Seconds
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In vitro acetylcholinesterase activity

The inhibitory effect of acetylcholinesterase (AChE) was
determined using an enzyme-catalyzed kinetic reaction
according to the method of [13]. The percent inhibition
of AChE activity using 100 pg of the extract was 77%, and
the IC;, was 19.23+£1.02 pg/ml. The experiment results
are shown in (Fig. 2) and carried out using donepezil as a
positive control (reference anti-Alzheimer’s drug).

In vivo acute toxicity

Oral administration of P. dulce extract at doses of 1000,
2000, and 3000 mg/kg body weight resulted in 0% mor-
tality, while doses of 4000 and 5000 mg/kg resulted in
16.67% and 33.3% mortality, respectively (one rat died
with the 4000 mg/kg dose, and two rats died with the
5000 mg/kg dose).

Considering the minimal toxicity profile of the P. dulce
extract, doses of 100, 250, and 500 mg/kg (less than 1/10
of the 5000 mg/kg dose) were approved for subsequent
in vivo experiments.

In vivo anti-Alzheimer’s activity

Novel object recognition (NOR) test

P dulce extract administration enhanced memory func-
tion in a dose-dependent fashion. The actual duration of
time the rats spent investigating the familiar and novel
objects during phase 3 of the experiment is depicted in
Fig. 3A. Moreover, the difference in the scores for the
time spent investigating the familiar and novel objects
(T,-T;) is shown in Fig. 3B.

Effect of P. dulce extract on AChE activity and ACh
concentration

The ACh concentration (Fig. 4) was substantially
decreased in the disease group (1.3+0.31 nmol/mg)
when compared to the normal group (7.3+0.47 nmol/
mg) (p<0.05). Meanwhile, in proportion to the dose, P
dulce extract increased the ACh concentration compara-
ble to the disease group.

AChE activity (Fig. 4) was the lowest in the done-
pezil group (0.170+0.016 U/mg) and normal group
(0.180+0.03 U/mg), while the disease group was the
highest (0.870+0.074 U/mg). The extract groups signifi-
cantly inhibited the activity in a manner that was depend-
ent on concentration (0.93+0.13 U/mg) for the P dulce
100 mg/kg dose and (0.22+0.31 U/mg) for the P dulce
500 mg/kg dose. Thus, the AChE activity was effectively
inhibited by P. dulce extract administration.

(2025) 11:30
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Effect of P. dulce extract on DA and NA concentrations

The level of DA was significantly reduced using the
extract (500 mg/kg) dose (19.7+2.7 ng/mg) compared
with the standard group (22.9+2.8 ng/mg) (p<0.05)
(Fig. 4).

NA level (Fig. 4) was the lowest in the normal group
(5.7£0.9 Pg/mg). In the extract-treated group at the
500 mg/kg dose, the level of NA was significantly
decreased (9.3 + 1.6 Pg/mg), while for the P. dulce 100 mg/
kg dose, it was ineffective (58.28 + 2.15 Pg/mg), which was
very close to the disease group. Thus, the higher extract
dose (500 mg/kg) could effectively decrease the levels of
DA and NA.

Effect of P. dulce extract on GSH and MDA concentrations
The potency of P. dulce extract was able to tip the balance
of the antioxidant GSH over the oxidative stressor MDA.
The GSH level was significantly increased in the groups
treated with the extract in a concentration-dependent
manner (Fig. 4), where it was (2.34+0.29 pg/mg) in the
P. dulce 100 mg/kg dose group and (7.23 £0.53 pug/mg) in
the 500 mg/kg dose group, which was markedly greater
than the standard group (4.982 +0.249 pg/mg).

MDA levels in the P dulce 250 and 500 mg/kg dose
groups (34.69+3.04 ng/mg) and (22.05+4.22 ng/mg),
respectively, were lower than the donepezil-treated
group (39.69+2.83 ng/mg) (Fig. 4). These findings indi-
cated that the extract markedly inhibited MDA produc-
tion compared to the donepezil and normal groups.

Effect of P.dulce extract on TNF-a and IL-18 concentrations
The normal group and the donepezil group had signifi-
cantly lower levels of IFN-a and IL-1f5 than the other
groups (Fig. 4). The 100 mg/kg dose yielded a concen-
tration of (156+5.9 Pg/mg) for IL-1f and (153 +11.9 Pg/
mg) for IFN-a, which were decreased with the 500 mg/
kg dose to (123.3+3.7 Pg/mg) and (109.2+5.7 Pg/
mg), respectively. As the concentration of the extract
increased, levels of IFN-a and IL-1f3 diminished; how-
ever, they remained elevated compared to the stand-
ard group (81.34+7.6 Pg/mg) and (87.48+8.7 Pg/mg),
respectively.

In silico Study

Molecular dynamics and system stability

The molecular dynamic simulation (MD) was established
to forecast, through simulation, the interaction between
the identified compounds and the protein’s active site and
its stability [72, 73]. System stability must be validated
to avoid artifacts and spot the interrupted motions dur-
ing the simulation. RMSD (root-mean-square deviation)
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Fig. 4 Effect of different doses of P dulce extract on the memory function parameters ACh, AChE activity, DA, and NA; the oxidative stress

parameters MDA and GSH; and the anti-inflammatory parameters TNF-a and /L-13
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was utilized in this study to assess the system stabil-
ity throughout the 20 ns simulation. For the apo-pro-
tein and 5, 7, 3/, 4, 5'-pentahydroxy-3, 6, 8-tri-methoxy
flavone-AChE systems, the average RMSD values were
1.05+0.13 A and 0.98+0.13 A, respectively (Fig. 5A).
According to these findings, the 5, 7, 3/, 4, 5’ pentahy-
droxy-3,6,8-tri-methoxy flavone coupled to the protein
complex system (flavone—protein complex) exhibited a
more stable conformation in comparison with the other
systems.

In MD simulation, analyzing residue connection to the
ligand and its behavior requires assessing the flexibility
of the protein structure following ligand binding [79].
The RMSF (Root-Mean-Square Fluctuation) method
was utilized to evaluate the protein residue variations
and assess the inhibitor binding impact on the appropri-
ate targets during 20-ns simulations. For all apo-protein
frames and 5, 7, 3', 4/, 5'-pentahydroxy-3, 6, 8-tri-methoxy

flavone-AChE systems, the calculated RMSF average
values were 0.75+0.38 A and 0.73+0.33 A, respectively
(Fig. 5B). The flavone—protein complex showed residue
fluctuation reduction compared to the other systems.

Throughout the MD simulation, ROG was used to
analyze the overall system compactness and the ligand
binding stability [80, 81]. The Rg averages for the apo-
protein and 5, 7, 3', 4/, 5'-pentahydroxy-3, 6, 8-tri-
methoxy flavone-AChE systems were 22.70+0.04 °C
and 22.00+0.041 °C, respectively (Fig. 5C). Based on
observed behavior, the flavone—protein complex pos-
sesses a very rigid structure against the target receptor’s
catalytic binding site.

The protein hydrophobic core compactness and the
stability of the biomolecule were investigated using
SASA (solvent-accessible surface area of protein) [82].
SASA averaged 20,264.44 A for the apo-protein system
and 20,099.98 A for the 5, 7, 3/, 4, 5'-pentahydroxy-3,
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Table 2 Binding energy calculations for the 5, 7, 3, 4, 5'-pentahydroxy-3, 6, 8-tri-methoxy flavone compound toward the catalytic

binding site receptor. of AChE

Complex Energy components (kcal/mol)

AEvdW AEelec AGgas AGsculv AGbind
5,7,3'4' 5'-Penta- hydroxy-3,6,8-tri-methoxy flavone—AChE -50.82+£0.99 -3591+£157 —-86.73+£1.38 44.22+0.79 —4251+£1.03
van der Waals energy (AE, qy); electrostatic energy (AE,,); solvation free energy (AG,,,,); calculated binding free energy (AGy;,q)
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Fig. 6 A Per-residue decomposition graphs illustrating the energy contributions to 5, 7,3', 4', 5'-pentahydroxy-3, 6, 8-trimethoxyflavone binding
and stability inside the AChE receptor catalytic binding site, B corresponding inter-molecular interactions

6, 8-tri-methoxy flavone-AChE system (Fig. 5D). Com-
bining the results from RMSD, ROG, RMSE, and SASA
computations demonstrates the intactness of the fla-
vone—protein complex within the target receptor’s cata-
lytic binding site.

Binding interaction mechanism based on binding free energy
calculation

The molecular mechanics energy program (MM/GBSA)
integrates the generalized Born solvation and surface
area continuum, which is a common way to figure out
the small compounds’ free binding energies to biologi-
cal macromolecules [83]. It may be much more precise
than docking scores. Utilizing AMBER18’s MM-GBSA
program, snapshots of the systems’ trajectories were used
to calculate the binding free energies. Table 2 suggests

favorable interactions due to substantial negative values
of all the computed energy components except the AG,.

The compound 5, 7, 3', 4', 5'-pentahydroxy-3, 6, 8-tri-
methoxy flavone and the target protein receptor residues
interact due to the greater positive van der Waals energy
component, which was demonstrated by a thorough
analysis of each energy contribution that results in the
observed binding free energies. (Table 2).

Identification of the critical residues responsible for ligand
binding

The total energy associated with the compound’s bind-
ing to these enzymes was further decomposed into
the contributions of each site residue, hence enhanc-
ing the knowledge of the critical residues implicated in
inhibiting the catalytic binding site receptor. Figure 6
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demonstrates that the most favorable contribution of
5, 7, 3', 4, 5'-pentahydroxy-3, 6, 8-trimethoxyflavone
compound to the AChE catalytic binding site of the
receptor is mostly noted from Tyr 69 (—0.93 kcal/mol),
Val 70 (—0.577 kcal/mol), Asp 71 (—0.233 kcal/mol),
Leu 73 (—0.442 kcal/mol), Thr 80 (—1.472 kcal/mol),
Trp 83 (—0.329 kcal/mol), Asn 84 (—0.439 kcal/mol),
Tyr 121 (—4.606 kcal/mol), Ser122 (—0.56 kcal/mol),
Leu 280 (—0.736 kcal/mol), Glu283 (—0.296 kcal/mol),
Ser 284 (—1.566 kcal/mol), Val 285 (—2.021 kcal/mol),
Phe286 (—0.5 kcal/mol), Arg 287 (—1.842 kcal/mol)
Phe 288 (—0.58 kcal/mol), Tyr 328 (—0.873 kcal/mol),

)

—_—~ N~ —~

Phe 329 (—1.174 kcal/mol), Val 331 (- 0.249 kcal/mol),
and Tyr 332 (—2.731 kcal/mol) residues.

Ligand-residue interaction network profiles (5, 7, 3', 4/,
5'-pentahydroxy-3, 6, 8-trimethoxyflavone—AChE complex)
The 5, 7, 3/, 4', 5'-pentahydroxy-3, 6, 8-trimethoxyfla-
vone compound exhibits electrostatic and hydrophobic
structural interactions in the AChE receptor catalytic
binding site.

The hydroxyl group of 5, 7, 3, 4/, 5'-pentahydroxy-3,
6, 8-trimethoxyflavone extended into the catalytic
active site and formed hydrogen bonds with Arg 287,
as shown in Fig. 7. The chromen-ring was allowed to
develop Pi-pi stacking with Trp 277, Tyr 328, and Tyr
332 due to the size of 5, 7, 3', 4/, 5'-pentahydroxy-3,
6, 8-trimethoxyflavone. Finally, the Pi-sigma interac-
tion has been formed between Trp 83 and the hydroxyl

group.

Principal component analysis (PCA)

The PCA plot (Fig. 8) illustrated complex and clear con-
formation waves along the two main components in
significant subspace. There was an obvious movement
difference in the apo-protein and flavone—protein com-
plex systems. The calculated eigenvector from the 20-ns
MD trajectories for the three systems exhibited signifi-
cant variability, reflecting the variation in protein move-
ment between the systems.
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Since the apo system had more atomic fluctuations
than the flavone—protein complex, likely, the ligand bind-
ing to the flavone—protein complex active sites caused
conformational dynamics, this was then reflected as PCs
wave of motion. The flavone—protein complex was more
densely packed than the other systems; hence, when 5, 7,
3', 4/, 5'-pentahydroxy-3, 6, 8-tri-methoxy flavone bound
to the protein, conformational flexibility is reduced, and
ligand binding to the active site increased.

Dynamics cross-correlation matrices (DCCM) analysis

The DCCM analysis was done on the Ca location
throughout the simulations to evaluate the AChE confor-
mational changes after 5, 7, 3/, 4, 5'-pentahydroxy-3, 6,
8-trimethoxyflavone ligand interaction and to analyze the
kinetics and existence of the associated motions (Fig. 9).
Blue-black (color) regions show extremely negative-cor-
related motions of certain residues, while yellow and red-
colored regions show significantly positive-correlated
motions of some residues.

The total residue-correlated motions were compared to
anti-correlated motions in the systems under investiga-
tion for this study. The binding of 5, 7, 3', 4/, 5’-pentahy-
droxy-3, 6, 8-trimethoxyflavone to AChE proteins (Fig. 9)
provides the protein’s structural dynamics, resulting in
conformational alterations that are represented by asso-
ciated motion variation according to an examination of
DCCM. The AChE protein’s residues 0—100 and 300—400
contain the significantly correlated region. Being the
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Fig. 9 A Free enzyme DCCM matrix analyses, B 5,7, 3', 4', 5'-pentahydroxy-3, 6, 8-trimethoxyflavone—complex systems

most dynamic parts of the receptor, the majority of the
hydrophobic active site residues got taken in by these
regions.

Discussion

The present study was made to discover a new medicinal
use of P. dulce through in vitro, in vivo, and in silico stud-
ies since it contains many phytoconstituents that have
been proven to possess a neuroprotective effect. Different
phytochemical classes such as flavonoids, phenolic acids,
tannins, amino acids, and alkaloids have been identified
in P. dulce as previously reported [1]. Many of these phy-
toconstituents were proven to possess a neuroprotective
effect through different mechanisms. Flavonoids pro-
mote the neurons’ growth, regeneration, and function
and prevent neural abnormalities. Furthermore, they
enhance memory and learning abilities and have anti-
oxidant, anti-inflammatory, and anti-AChE properties
[84]. Phenolic acids protect the brain by reducing oxida-
tive stress, increasing antioxidant and anti-inflammatory
production, preventing protein aggregation, and inhibit-
ing cell death signaling pathways [85]. Linolenic acid [86]
and a-amyrin [87] could be promising treatment options
for Alzheimer’s by inhibiting oxidative stress and inflam-
matory parameters and reducing AChE levels. Alkaloids
are the most promising natural products for AD treat-
ment, because of their nitrogen-containing structures.
The prototype inhibitor of AChE, physostigmine, was
isolated from a plant and used to synthesize its analog
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rivastigmine. Also, galantamine is an alkaloid that is pres-
ently marketed to alleviate symptoms of AD [88].

The in vitro study demonstrated that P dulce extract
was able to inhibit 77% of AChE activity, with an ICy,
value higher than the positive control.

The in vivo study used scopolamine to induce Alz-
heimer’s, as many neurobehavioral studies have
demonstrated that scopolamine can lead to synaptic dys-
function, oxidative stress, amyloid deposition, and mem-
ory/learning deficits in both humans and animals [16],
which has been related to a disturbance in ACh, AChE
activity, oxidative markers like MDA, and GSH neuro-
inflammatory markers like IL-1f3, and (TNF-a) levels in
the brain [89], and increased hippocampal DA and NA
levels [90]. The NOR test was used to assess the recovery
of cognitive memory deficit, which revealed that P. dulce
was able to enhance the memory function by decreasing
the duration of time spent investigating the familiar and
novel in a dose-dependent manner but to a lesser extent
than donepezil group. P dulce 500 mg/kg dose showed
ACh, DA, NA, and AChE activity levels closer to nor-
mal and standard groups. Also, the lowest MDA and the
highest GSH levels were detected with the same extract
dose. The levels of IL-B and TNF-a were reduced; how-
ever, they were higher than the standard group. When
all these results were compared to the normal, disease,
and standard groups, it was found that P dulce extract
possesses a significant effect on the memory function
parameters (ACh, AChE, DA & NA) and the oxidative
stress parameters (GSH & MAD) with a lesser extent on
the anti-inflammatory parameters (IL-5 & TNF).

In the molecular docking study, AchE was chosen
based on its ability to break down the neurotransmit-
ter ACh, which is vital in neurotransmission regulation
at synapses throughout the nervous system [7]. Conse-
quently, researchers have thoroughly studied cholinester-
ase inhibitors such as donepezil, galantamine, huperzine
A, and rivastigmine as symptomatic therapies for AD.
Cholinergic neurotransmission defects are significant
for the progression of AD [8]. Sixteen of the identified
compounds were tested in this study for possible inter-
action with the AChE enzyme (Table S1) based on the
supposed neuroprotective activity reported for their phy-
tochemical classes [84—86]. 5, 7, 3', 4, 5'-Pentahydroxy-3,
6, 8-trimethoxyflavone, 4"-O-methyl epigallocate-
chin-3-O-gallate, kaempferol-di-O-rhamnoside, di-O-
caffeoylquinic acid, dihydroxy benzoic acid methyl ester
hexoside, catchine, rhamnosyl hexosyl methyl quercetin,
and kaempferol-3-O-rhamnoside gave the higher bind-
ing energy S-scores, respectively. Different computa-
tional modeling methods were employed on 5, 7, 3', 4/,
5'-pentahydroxy-3, 6, 8-trimethoxyflavone as it achieved
the highest binding energy s-score, including principal
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component analysis, ligand-residue interaction, dynam-
ics cross-correlation matrices analysis, and thermody-
namics calculation. This revealed that the most active
flavone exhibited electrostatic and hydrophobic struc-
tural interactions in the AChE receptor catalytic binding
site. The hydroxyl group of the flavone extended into the
catalytic active site and formed hydrogen bonds with Arg
287, and due to its size, the chromen-ring was allowed
to develop Pi-pi stacking with Trp 277, Tyr 328, and Tyr
332. Finally, the Pi-sigma interaction has been formed
between Trp 83 and the hydroxyl group. The binding of
the flavone to the ACh protein decreased the fluctuation
and influenced the ligand optimum orientation on the
AChE protein conformational space. Additionally, the
drug binding energy of AChE and the residue correlation
in the 5, 7, 3', 4/, 5'-pentahydroxy-3, 6, 8-tri-methoxy fla-
vone-ACh system was increased.

Conclusion

In this study, the P dulce leaves methanolic extract
exhibited neuroprotective and anti-amnesic proper-
ties, which were evaluated in vitro and in vivo against
scopolamine-induced cognitive decline and cerebral
damage, as well as in silico experiments. This activity
may result from the extract’s ability to inhibit AChE
activity, reduce DA, and NA levels, and elevate ACh
level, also for its antioxidant properties by decreasing
MAD and increasing GSH levels, and the anti-inflam-
matory properties by lowering TNF-a and IL-1f lev-
els. UPLC-ESI-MS/MS in positive and negative modes
was employed to identify 66 metabolites belonging to
numerous chemical classes such as flavonoids, phenolic
acids, fatty acids, sterols, amino acids, and alkaloids
that might be responsible for this activity. The in silico
study was carried out to indicate the most active com-
pounds and their mechanisms of action. The compound
identified as 5, 7, 3', 4', 5'-pentahydroxy-3, 6, 8-tri-
methoxy flavone was the most effective AChE inhibitor,
indicating that it is a safe and effective natural treat-
ment for Alzheimer’s complications. In addition to clin-
ical trials, further studies may be required to confirm
this postulation and introduce this drug as an approved
therapy.
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