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Cognitive-enhancing effect of Cordia dichotoma
fruit on scopolamine-induced cognitive
impairment in rats: metabolite profiling, in vivo, and
in silico investigationsy
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Many plants are reported to enhance cognition in amnesic-animal models. The metabolite profile of Cordia
dichotoma fruit methanolic extract (CDFME) was characterized by LC-QTOF-MS/MS, and its total phenolics
content (TPC) and total flavonoids content (TFC) were determined. In parallel, its cognitive-enhancing
effect on scopolamine (SCOP)-induced AD in rats was evaluated. The TPC and TFC were 4475 +
1.84 mg gallic acid equiv. g~ sample and 5.66 + 0.67 mg rutin equiv. g~ sample, respectively. In total,
81 metabolites were identified, including phenolic acids, lignans, coumarins, amino acids, fatty acids, and
their derivatives, fatty acid amides, polar lipids, terpenoids, and others. The most abundant metabolites
identified were quinic acid, caffeoyl-4’-hydroxyphenyllactate, rosmarinic acid, and oleamide. CDFME
(200 mg kg™) was found to significantly enhance recognition memory in the novel object recognition
test. Furthermore, it nearly corrected acetylcholinesterase (AChE), acetylcholine, noradrenaline, and
dopamine hippocampal levels, which changed due to SCOP. Further in silico validation of the in vivo
results was conducted, focusing on the most abundant metabolites. Molecular docking showed that
rosmarinic acid, caffeoyl-4’-hydroxyphenyllactate, sebestenoid C, and sagerinic acid exhibited the
greatest affinity for receptor binding against AChE. However, molecular dynamics and mechanics
calculations clarified that the complex of caffeoyl-4’-hydroxyphenyllactate with AChE was the most
stable one. This study represents the first comprehensive metabolite profiling of CDFME to assess its
cognition-enhancing effect both in vivo and in silico. These results demonstrate that CDFME protects
against SCOP-induced cognitive impairment. Thus, additional preclinical and clinical studies on CDFME
may provide an attractive approach in pharmacotherapy and AD prophylaxis.

1. Introduction
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antagonist that disrupts cholinergic neurotransmission.
Because it can penetrate the blood-brain barrier, SCOP is often
used to cause cognitive deterioration in an experimental model
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similar memory problems."?

There are about 50 million people who have dementia
globally.® Alzheimer's disease (AD) has become one of the cen-
tury's biggest global health concerns, affecting millions of
individuals worldwide. AD is currently considered the third
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cardiovascular disease. AD is a progressive and chronic neuro-
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functions such as memory, orientation, judgment, and
reasoning.® It is characterized by dementia resulting from
various pathological features, including amyloid beta plaques,
glutamate excitotoxicity, neurofibrillary tangles, and hyper-
phosphorylated tau protein.” Further pathological characteris-
tics include neuroinflammation, oxidative stress-induced cell
damage, and cholinergic dysfunction. These conditions result
in neurodegeneration and a loss of synapses and neurons,
which results in the macroscopic atrophy of the brain areas
related to memory, such as the hippocampus.* Cholinergic
neurons release acetylcholine (ACh), a neurotransmitter that
has a role in signal transduction linked to memory and
learning.® Acetylcholinesterase (AChE) inhibitors raise synaptic
ACh levels, allowing the signal to be potentiated, thus
improving cognition and everyday functioning.* So, methods
that lower the high level of AChE are thought to be effective for
treating memory problems.”

Additionally, noradrenaline (NA) and dopamine (DA) are
crucial neuromodulators involved in cognitive functions and
are related to the psychological and behavioral symptoms of
dementia.® Concerning AD treatments, current anti-AD drugs,
such as donepezil (DON), rivastigmine, galantamine, and
memantine, help alleviate clinical symptoms. However, these
medications are associated with numerous side effects and are
proven effective primarily in mild and moderate cases of AD.?
Moreover, the complexity of AD, characterized by multiple
contributing factors, challenges their efficacy. As a result,
research into developing novel, potent medications for AD has
gained international attention. In this regard, several natural
products have gained interest in the pharmaceutical industry
and the scientific research community due to their neuro-
protective effects, targeting different pathological pathways
related to AD.*

Cordia dichotoma G. Forst. (Indian cherry), a flowering tree in
the Boraginaceae family, presents various medicinal properties.
C. dichotoma produces pulpy, edible fruits with single-seed
kernels encased in a transparent, viscid, sweet pulp. The fruit
pulp serves various culinary purposes, being consumed fresh or
raw as a spice or condiment in a variety of foods.® C. dichotoma
is found in temperate regions worldwide, including South
America, Central America, Mexico, West Africa, East Africa,
South Asia, and Australia. C. dichotoma fruits are recognized for
containing several bioactive phytochemicals such as pyrrolizi-
dine alkaloids, coumarins, flavonoids, phenolic acids, carbo-
hydrates, amino acids, tannins, saponins, terpenes, and
sterols.’ Fruits have been used for their diverse medicinal
properties, encompassing antioxidant, antiulcer, analgesic,
anti-inflammatory, wound-healing, demulcent, astringent,
diuretic, emollient, expectorant, hepatoprotective, analgesic,
antidiabetic, antibacterial, anthelmintic, anti-fertility, and
aphrodisiac effects. Mucilage from C. dichotoma fruits is tradi-
tionally used to treat cough, fever, chest disease, uterus, and
urethra disorders, while fruit kernel is used to treat tinea.’

In addition, C. dichotoma has been employed to address
behavioral and memory dysfunctions, as well as psychological
symptoms of dementia."* Cordia myxa leaves ethanolic extract
significantly alleviated SCOP-induced cognitive impairment in
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mice, as measured by novel object recognition test (NORT) and
passive avoidance test. Additionally, it decreases tau protein
phosphorylation.” Additionally, Cordia dichotoma and Cordia
sebestena leaves methanolic extract are reported to have in vitro
anticholinesterase effects."® Cordia dichotoma leaves alleviate
SCOP-induced AD type-dementia in mice by enhancing the
cholinergic system, protecting against neuronal death in the
brain, and anti-oxidant effect.” However, no previous study
reported the cognitive function-enhancing effect of Cordia
dichotoma fruit extract, which emphasizes the novelty of our
work.™ Given the multitude of interesting medicinal properties,
there is a growing interest in employing up-to-date analytical
tools to characterize such medicinal plants, aiming to under-
stand their bioactivity and ensure their safety, quality, and
efficacy. Presently, liquid chromatography-quadrupole time-of-
flight tandem mass spectrometry (LC-QTOF-MS/MS) metab-
olomics stands out as one of the best alternatives for the
untargeted metabolite profiling of plant extracts.”**” The reason
for this is the high separation efficiency of LC and the high
scanning rate, mass accuracy, and resolution of QTOF mass
spectrometers, enabling the acquisition of both MS and tandem
MS (MS/MS) spectra with excellent sensitivity."® Concerning
current literature, no studies were found dealing with the
elucidation and identification of the metabolite profile of
CDFME and its anti-AD activity.

In this study, CDFME was profiled by untargeted LC-QTOF-
MS-MS metabolomics in both negative and positive electro-
spray ionization (ESI) modes to characterize its bioactive
compounds, and its total phenolics content (TPC) and total
flavonoids content (TFC) were determined. In parallel, the
cognitive-enhancing effect of CDFME on SCOP-induced cogni-
tive impairment in rats was investigated. These alterations in
rats were monitored through NORT and determinations of
AChE and neurotransmitter levels in the hippocampus. To gain
insights into the potential AChE inhibitory activity of the most
abundant metabolites identified in CDFME, molecular docking
studies were conducted, comparing their binding affinity for
AChE with that of DON. Finally, the stability within the enzyme
active site of the most potentially AChE inhibitory metabolites
was evaluated using molecular dynamics and molecular
mechanics methods.

2. Material and methods
2.1 Plant material and preparation of plant extracts

Fresh fruits (800 g) were collected from Mazhar Botanic Garden in
Egypt. Fruits were authenticated by Prof. Dr Abd Haleem Abd El-
Mogali, Head of the Department of Flora Researches and Plant
Taxonomy at the Agriculture Research Centre, Giza, Egypt. A
voucher specimen was deposited at the herbarium of the Faculty
of Pharmacy, Cairo University, Cairo, Egypt (sample No. 7.9.2023).
The fresh fruits were halved, and the seeds were removed.
Subsequently, the pericarps were lyophilized using a Stellar
laboratory freeze dryer (temp set at —40 °C, vacuum level of 100
mT) (Millrock Technology Inc., New York, NY, USA). The lyophi-
lized dried pericarps (100 g) were extracted through the cold
maceration method. The lyophilized dried pericarps were
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Table 1 Percentage yield of CDFME

Plant Solvent Extraction method % yield

CDFME 80% methanol Cold maceration 6%

crushed with a blender (Toshiba, Tokyo, Japan) and then they
were exhaustively extracted with 80% methanol (3 L) through
repeated shaking and soaking (4 times) at room temperature over
two weeks. After filtering the resultant extract, the solvent was
evaporated using a rotary evaporator set to 40 °C and low pres-
sure, yielding 6 g of brown semisolid residue of fruit extract. The
dried fruit extract was kept in a freezer at —10 °C for further
research.' The percentage yield of fruit extract is presented in
Table 1.

2.2 Drugs and chemicals

Scopolamine hydrobromide was purchased from Merck
(Darmstadt, Germany) and donepezil hydrochloride was ob-
tained from Pfizer (New York, NY, USA). DON and SCOP were
prepared in saline. Methanol (analytical grade) for extraction
was provided by El-Gomhuria Company (Cairo, Egypt). Formic
acid (=95.0%), acetonitrile, water, and methanol (LC-MS grade)
were provided by Merck.

2.3 Total phenolics and flavonoids contents

The TPC was assessed by the Folin-Ciocalteu colorimetric
method.”® Briefly, 10 pL of sample/standard was mixed with 100
uL of Folin-Ciocalteu reagent (diluted 1:10 v/v) in a 96-well
microplate. Following the addition of 80 uL of 1 M Na,CO;, the
mixture was allowed to sit at room temperature (25 °C) in the
dark for 20 minutes. The resulting blue color was measured at
630 nm using a spectrophotometric microplate reader
(FLUOstar Omega, BMG LABTECH, Ortemberg, Germany). The
TPC in samples was quantified as mg gallic acid equiv. g~*
extract, using an external gallic acid calibration curve (25, 50,
100, 200, 400, 600, 800, and 1000 pg mL™Y).

The TFC was determined according to the aluminum chlo-
ride method.”* In summary, 15 pL of the sample/standard was
dispensed into a 96-well microplate, followed by the addition of
175 pL of methanol and 30 pL of 1.25% m/v AlCl;. After adding
30 uL of a 0.125 M C,H;NaO, solution, the mixture was allowed
to incubate for a duration of 5 minutes. The resulting yellow
color was measured at 420 nm using the microplate reader. The
TFC in samples was quantified as mg rutin equiv. g~ " extract
using an external rutin calibration curve (1000, 500, 200, 125,
62.5, 31.4, 15.6, and 7.2 pug mL ™).

2.4 LC-QTOF-MS/MS analysis

For LC-QTOF-MS/MS analysis, CDFME sample was prepared by
mixing one milliliter of methanol with 10 milligrams of the
extract, after which the mixture was centrifuged for 10 minutes at
13 000 x g, and the result was filtered through a 0.22 pm nylon
syringe filter. The LC-QTOF-MS/MS experiments were carried out
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using a 1260 Infinity liquid chromatograph connected to a 6546
LC/QTOF mass spectrometer with an orthogonal electrospray
ionization (ESI) interface (Agilent Technologies, Waldbronn,
Germany). CDFME samples were analyzed in both positive and
negative ESI modes, using an Agilent Technologies Zorbax SB-
C18 column with dimensions of 150 mm LT x 2.1 mm ID,
5 um particle size, and 90 A pore diameter, and an optimized
acetonitrile: water gradient (both with 0.1% v/v of formic acid)
that enabled the comprehensive profiling of CDFME compounds
within 25 minutes. Detailed information about the separation
conditions, MS, and MS/MS measurements, as well as data pro-
cessing, was as described in a previous work.'®**

Detected compounds were identified as metabolites based
on their predicted molecular formula, accurate molecular mass,
retention time (R,), and MS/MS spectra, and by comparison with
various databases (e.g,, KEGG, https://www.genome.jp/kegg/
compound/, the Phytochemical Dictionary of Natural Product
Database, https://dnp.chemnetbase.com/faces/chemical/
ChemicalSearch.xhtml, Mass Bank of North America, https://
mona.fiehnlab.ucdavis.edu/, and PubChem, https://
pubchem.ncbi.nlm.nih.gov/), in addition to other literary
sources. Therefore, the metabolites were identified at a high
confidence level.

2.5 Animals

Forty adult male Wistar albino rats, weighing between 200 and
250 g (National Research Centre Giza, Egypt), were kept in cages
made of polypropylene. The rats were retained together in
a shared habitat with a moderate temperature of 25 + 2 °C. Rats
were given 7 days to acclimatize before starting the study.
Throughout this period, regular rat pellet food and unlimited
water were provided to the animals. The experiments were
conducted in adherence with the “Guide for the Care and Use of
Laboratory Animals” published by the US National Institutes of
Health (NIH Publication No. 85-23, 2011). The research project
has been approved by Cairo University's Faculty of Pharmacy
Research Ethics Committee (approval number: MP (3257)).

2.6 Acute toxicity study

The lethal dose (LDs,) of CDFME in rats was determined adhering
to the specified guidelines by the Organization for Economic Co-
operation for Development (OECD, Test No. 420, 2002). Before
the extract administration, rats underwent an overnight fast (12
hours) with unrestricted access to water. Just prior to the initial
dosage, each rat's weight was noted. The rats were then divided into
four groups of six. CDFME, suspended in saline, was orally
administered to the rats at escalating doses (1000, 2000, and
4000 mg kg body weight). The control group, kept under the
same conditions, received a vehicle (saline). Over a 24 hours period,
the animals were closely monitored for signs of toxicity, including
draping, rising fur, excitability, tremors, salivation, twitching, and
mortality. The mortality rates for each group were recorded.

2.7 SCOP-induced cognitive impairment study

2.7.1 Experimental design. Forty rats were randomly split
up into five groups of eight and handled as follows: (1) control
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Fig. 1 Graphical representation of research protocol with grouping of animals and their daily routine.

group receiving saline; (2) SCOP-induced AD (1.14 mg kg™,
i.p.); (3) DON (0.5 mg kg™ ', p.o.) followed by the SCOP (1.14 mg
kg™, i.p.) (positive control group);? (4) low dose of CDFME
(100 mg kg, p.o.) followed by the SCOP (1.14 mg kg, i.p.);
and (5) high dose of CDFME (200 mg kg, p.o.) followed by the
SCOP (1.14 mg kg™, i.p.). DON and CDFME were administered
orally half an hour before the SCOP intraperitoneal injection.
For nine days in a row, every treatment was given every day. The
NORT was conducted on day 8 of the study, 30 minutes after the
administration of SCOP. Upon completion of the experiment,
the rats were euthanized, and their hippocampus was isolated
for ensuing biochemical examination. Graphical representation
of research protocol with grouping of animals and their daily
routine was presented in Fig. 1.

2.7.2 Novel object recognition test. The NORT was carried
out as described by a previous study by Ennaceur and Delacour
(1988).>® The test was carried out in an open black rectangular
wooden box (50 x 50 x 40 cm) and consisted of three phases:
habituation, training, and test. In the period of habituation,
after the treatment, rats were allowed a 5 minutes exploration of
the empty open field. In the training phase (T1), two similar
familiar objects (blue cones) (F: al and a2) were positioned in
different fields' corners, each 10 centimeters from the wall. Rats
were positioned in the center of the open field and permitted to
examine these familiar objects for 5 minutes before returning to
their cages. After a 24 hours interval from T1, the test phase (T2)
was initiated. In T2, a novel object (N) (a red cone) was intro-
duced, and rats were subjected to the F and N items. The
duration of exploration for each object throughout both T1 and
T2, defined as the moments the rat touched the object with its
nose and/or front legs, was recorded using a stopwatch.
Subsequently, a discrimination index (DI) was calculated as
follows:

DI = TN = (TN + TF) x 100

40270 | RSC Adv, 2024, 14, 40267-40286

where TN and TF represent the total time spent, in both T1 and
T2, exploring the N and F objects, respectively.

2.7.3 Measurement of AChE enzyme and neurotransmit-
ters levels by ELISA. Immediately after the NORT, rats were
euthanized, and their brains were removed to isolate the
hippocampus, which was then stored on ice. A 100 mg portion of
the hippocampus was washed with 0.01 M phosphate buffered
saline to remove blood stains. Subsequently, the hippocampus
was homogenized in a lysis buffer, containing 20 mM Tris (pH
8.0), 137 mM NaCl, 1% NP40, 10% glycerol, 10 mg mL™" apro-
tinin, 1 mg mL ™" leupeptin, 1 mM PMSF, and 0.5 mM sodium
vanadate, by means of a tissue homogenizer. Homogenates were
centrifuged, and the supernatants were collected. For the deter-
mination of the different biomarkers, rat ELISA Kkits were
employed. AChE (U mg™ ') and ACh (nmol mg ") levels were
measured in the tissue with assay kits ab65345 and ab138871
from Abcam (Cambridge, UK), respectively. NA (ng mg™ ') and DA
(pg mg ') levels were determined with assay kits MBS725908 and
MBS269993 from MyBiosource (San Diego, CA, USA).>*

2.8 Statistical analysis

GraphPad Prism software (version 8; GraphPad Software, Inc.,
San Diego, CA, USA) was used for graphical presentations and
statistical analyses. The data are presented as mean =+ standard
deviation (SD). For data analysis, one-way ANOVA was applied,
followed by Tukey's multiple comparison test. With the excep-
tion of how CDFME affects how long it takes to explore each
object in the NORT, which was assessed using two-way ANOVA,
followed by Sidak's multiple comparisons test. A probability
level of <0.05 was deemed statistically significant for all tests
conducted.

2.9 Molecular docking

The 18 most abundant metabolites identified in CDFME were
docked against the AChE target receptor using the Schrodinger

© 2024 The Author(s). Published by the Royal Society of Chemistry
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2021 suite.”® As reference standards, DON and the co-
crystallized inhibitor were used. The chemical structures of
these compounds were sketched with ChemDraw Professional
17.0 (Cambridge Soft Corporation., Cambridge, USA). Each
structure was copied and pasted into the applied software
working window, including correction of local partial charges
and minimization to reach a possible local minimum energy
state.”® All the prepared structures were assembled within the
same database, prepared for the next docking step. On the other
hand, the target AChE enzyme's X-ray structure was obtained
from the Protein Data Bank (https://www.rcsb.org/structure/
10CE). The enzyme structure was subjected to correction, 3D
hydrogenation, and energy minimization procedures.””

A standardized docking procedure was conducted using the
default program specifications.”® The ideal binding pose for
each examined compound was selected based on criteria like
root mean square deviation (RMSD), score, and binding mode.
Additionally, a validation check for the applied force field was
performed by redocking the co-crystallized ligand of AChE
(DON) inside AChE binding site.”® The valid performance was
verified by achieving a low RMSD value (<2 A) and close simi-
larities between the binding modes of both the native and
redocked poses of the co-crystallized inhibitor of AChE. Finally,
the binding scores for the identified metabolites were compared
with those obtained for DON. Metabolites displaying the high-
est binding scores, indicative of their potential as AChE inhib-
itors, were further evaluated by molecular dynamics and
molecular mechanics methods.

2.10 Molecular dynamics and molecular mechanics

Molecular dynamics simulations were conducted using the
Desmond 2.2 package of the Schrodinger platform (Schro-
dinger, New York, NY, USA). The free energy of the bindings for
the examined complexes was calculated with the same software,
employing molecular mechanics with generalized Born and
surface area solvation (MM-GBSA) methods. The complexes of
rosmarinic acid, caffeoyl-4’-hydroxyphenyllactate, sebestenoid
C, and sagerinic acid with the AChE receptor were subjected to
a 200 ns simulation.?® As a reference, the co-crystallized inhib-
itor (DON) complex was used. The normal physiological
conditions were kept to give more reproducible results. Further
details about the aforementioned methods can be found in the
ESI S1 and S2.7

3. Results and discussion
3.1 Total phenolics and total flavonoids contents

Phenolic compounds are important plant components with
significant redox properties. The hydroxyl groups in the struc-
tures of these compounds are essential in enabling the scav-
enging of free radicals, thereby contributing to their antioxidant
activity.** TPC and TFC values were determined to complement
the metabolite profiling by LC-QTOF-MS/MS, as the phenolic
contents of plant extracts have been linked to the enhancement
of anti-AChE activity.’
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The TPC and TFC values in CDFME were 44.75 £+ 1.84 mg
gallic acid eq g~ sample and 5.66 + 0.67 mg rutin eq g~ '
sample, respectively. These findings suggested that flavonoids
constituted a minor proportion of the total phenolics in the
fruit extract, suggesting that they would have a lesser impact on
the bioactivity of CDFME. Graphs of gallic acid and rutin
standard calibration curves were presented in Fig. S1.}

3.2 LC-MS/MS metabolite profiling

The CDFME chemical profile was analyzed using LC-QTOF-MS
in both negative and positive ESI modes. The representative
total ion chromatograms (TIC) of CDFME are shown in Fig. 2A
and B, and the MS/MS spectra of some of the most abundant
identified metabolites are illustrated in Supplementary Fig. S2-
S20.1 After data processing, 81 metabolites were tentatively
identified depending on their R;, predicted molecular formula,
accurate molecular mass, MS/MS spectra, and cross-referencing
with various databases and prior literature. Details of the
annotated metabolites, including names, classes, molecular
formulas, m/z of the detected molecular ions, and fragment ions
are provided in Table 2.

The annotated metabolites (Table 2) pertained to numerous
classes encompassing: 17 phenolic acids, 5 organic acids, 5
lignans, 3 coumarins, 5 amino acids, 12 fatty acids and their
derivatives, 16 fatty acid amides, 3 polar lipids, 4 terpenoids,
and 11 other compounds.

3.2.1 Phenolic acids and their derivatives. Phenolic acids
are compounds having one or more hydroxyl groups and/or
methoxy groups and a carboxylic acid function at the benzene
ring. They derived from hydroxybenzoic acid or hydroxycin-
namic. Phenolic compounds play an essential role in the
resistance of plants and the control of physiological processes.*
They are categorized into monomers and polymers (dimers,
trimers, and tetramers) according to the number of phenyl
moieties in their structures. Monomers of phenolic acids are
characterized by the loss of CO (28 m/z), CO, (44 m/z), and H,O
(18 m/z), while polymers are characterized by successive or
concurrent loss of CoHgO; (caffeoyl, 162 m/z), CoHgO, (caffeic
acid, 180 m/z), or CoH,(05 (danshensu: dihydroxyphenyl lactic
acid, 198 m/z).*® Previous investigations indicated that C.
dichotoma fruits are rich with phenolic compounds with anti-
microbial and antioxidant activities, suggesting their potential
application as preservatives in the food industry.** In the
current research, a total of 17 phenolic acids were identified in
negative ESI mode (Fig. 2 and Table 2).

3.2.1.1 Hydroxy benzoic acid derivatives. Syringic acid (15,
Fig. S2t) and syringaldehyde (16, Fig. S31) (m/z 197.0454 and
181.0506, respectively, [M-H]") revealed an intense fragment
ion at m/z 135, as a result of the loss of two methoxy groups [M-
H-2*(31)]” and CO, + H,O [M-H-28-18], respectively. More-
over, peak 14 showed a mass difference of 162 m/z with respect
to peak 15, recommending a glucose moiety, hence was
assigned as glucosyringic acid.*® Syringic acid and syringalde-
hyde were previously reported in C. dichotoma fruit,** whereas
glucosyringic acid was detected in the current investigation in
CDFME for the first time.
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Fig. 2 LC-QTOF-MS total ion chromatograms of CDFME in negative ESI mode (A) and positive ESI mode (B). The numbers of metabolites are
indicated in Table 2.

36

3.2.1.2 Hydroxy cinnamic acid derivatives. A total of 14 phenylethanoid detected was annotated as verbasoside (18).
hydroxycinnamic acid derivatives were eluted between 7 and 11  Caffeic acid (19, Fig. S4t) (m/z 179.0349, [M-H]") presented
minutes (Fig. 2A and Table 2). The only non-conjugated intense fragment ions at m/z 135, 117, and 107, resulting from
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the loss of CO, [M-H-44]", CO, + H,0 [M-H-44-18]", and CO +
CO, [M-H-28-44], respectively. The mass spectra of peaks 34
(m/z 343.0810, [M-H] ) and 39 (m/z 313.0719, [M-H] ) pre-
sented an intense fragment ion at m/z 161 related to the dehy-
drated caffeic acid moiety, indicating a caffeic acid derivative.
Peak 34 was annotated as caffeoyl-4’-hydroxyphenyllactate
(Fig. S7t),” while, peak 39 was annotated as nepetoidin B
(Fig. S97), which is a caffeic acid ester.*®

Rosmarinic acid (27, Fig. S6t) (m/z 359.0774, [M-H] ") was
readily characterized by its fragment ions at m/z 179 and 197,
corresponding to caffeic acid and danshensu moieties, respec-
tively. Peaks 22 and 38 presented a mass difference of 162 and
15 m/z in comparison to peak 27, indicating an extra hexose and
methyl group moiety, respectively, hence they were annotated as
rosmarinic acid hexoside and methyl rosmarinate,
respectively.’”

Regarding peak 24 (Fig. S51) (m/z 717.1449, [M-H]"), it was
identified as salvianolic acid B. Its mass spectrum revealed
characteristic fragment ions at m/z 339 and 321 resulting from
the loss of danshensu + caffeic acid [M-H-198-180] and two
danshensu moieties [M-H-2*198]", respectively.*” Sebestenoid
C (37, Fig. S8T) (m/z 685.1555, [M-H] "), presented fragment ions
at m/z 321 [M-H-C,3H;30,-H,0]" and 295 [M-H-C,4H,;30,-
carboxy group] .* Finally, the rest of the phenolic acids were
annotated as danshensu (25),*” p-coumaric (30) acid, p-cou-
maroylquinic acid (31), and feruloylquinic acid (33),
respectively.*

It is noteworthy that rosmarinic acid and -caffeoyl-4’-
hydroxyphenyllactate were found to be the most abundant
phenolic acids identified. Additionally, all of the previous
phenolic acids, except caffeoyl-4’-hydroxyphenyllactate, salvia-
nolic acid B, sebestenoid C, and nepetoidin B, had been previ-
ously reported in C. dichotoma fruit.** Meanwhile, sebestenoid C
and nepetoidin B were previously reported in Cordia sebestena
fruit.*

3.2.2 Organic acids. Organic acids are organic compounds
with acidic characteristics, classified according to the number
of carboxylic groups. Plant cells use them as intermediates in
major carbon metabolism, and they are engaged in numerous
metabolic processes, including the tricarboxylic acid cycle,
glycolysis, and photorespiration.*” Furthermore, several authors
have referred to naturally occurring organic acids in plants and
other sources as lifespan essentials, which can prevent neuro-
degenerative diseases, including AD, and promote healthy
aging.**

Quinic acid (3, Fig. S107), quinic acid derivatives (4 and 5),*
malic acid (7), and citric acid (9) were identified in CDFME
(Fig. 2A and Table 2). Quinic acid was the most abundant
organic acid identified. Their mass spectra revealed abundant
fragment ions due to the loss of CH,, CO, CO, and H,O groups
(14, 44, 28, and 18 m/z, respectively).*>*”

3.2.3 Lignans. Lignans are produced via the shikimic acid
biosynthesis pathway. They are formed by a B-p’ (8-8') linkage
between two phenylpropane units (C6-C3) with a variable
degree of oxidation in the side chain and a characteristic
pattern of substitution in the aromatic moiety. They function as
antifeedants, safeguarding seeds and plants against herbivores.
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They have numerous biological activities, including antitumor,
hypolipidemic, antiviral, anti-inflammatory, and estrogenic
activities.®

Five lignans (Fig. 2A and Table 2) (20, 21, 26, 28, and 38), not
previously reported in C. dichotoma, were identified in negative
ESI mode. Lariciresinol hexoside (20) (m/z 521.2023, [M-H]")
revealed fragment ions at m/z 359 and 329 after the loss of
a hexose sugar [M-H-162] " and a hexose sugar plus two methyl
groups [M-H-162-15-15]", respectively.** Neolignane dihy-
drodehyrodiconiferyl glycoside derivative (21) was also anno-
tated.* Neolignans had been previously isolated from Cordia
americana.** Sagerinic acid (26, Fig. S117) (m/z 719.1622, [M-
H] "), a possible dimer of rosmarinic acid, showed a fragment
ion at m/z 359 after the loss of Ci3H;605 [M-H-360], as re-
ported in previous studies.*® Rabdosiin (28) (m/z 717.1449, [M-
H]"), and globoidnan A (32, Fig. S121) (m/z 491.0976, [M-H]")
with an arylnaphthalene-type lignan skeleton were also identi-
fied, which were previously reported in Cordia rufescens.”” They
showed fragmentation patterns characterized by the neutral
losses of caffeic acid (—180 m/z) or danshensu (—198 m/z) and
carboxyl groups (—44 m/z), which are present in their
structures.*

3.2.4 Coumarins. Coumarins, a group of plant-derived
secondary metabolites with benzo-a-pyranone parent nucleus,
are known for their role in iron absorption and potential in
combating bacterial and viral infections. They also display
a wide range of biological properties, such as antiviral, anti-
bacterial, antidiabetic, antioxidant, and anti-inflammatory
activities.* Peaks 29 (Fig. S131), 35, and 36 (Fig. S141) (Fig. 2
and Table 2) were annotated as hydroxycoumarin, coumarin,
and methoxy coumarin, respectively. Coumarins displayed
characteristic fragment ions by losing 28, 44, 56, 72, and 18 m/z
units, attributed to the loss of neutral molecules such as CO,
CO,, (CO + CO), (CO + COy,), and H,O0, respectively.* Coumarins
were massively reported in genus Cordia.>

3.2.5 Amino acids. Amino acids consist of a specific side
chain, a carboxyl group (COOH), an amino group (NH,), and
a core carbon atom known as the a-carbon.* They are essential
signaling molecules in plants that regulate root and shoot
architecture, flowering time, and stress defense.** Amino acids
are essential for protein synthesis, cell growth, differentiation,
function, and neurotransmitter production in the brain.*

Sugar conjugates of amino acids, including hexosyl valine (8)
(m/z 280.1396, [M + H]"), hexosyl pyroglutamate (10) (m/z
290.0878, [M-H] ), and hexosyl isoleucine (12) (m/z 294.1553,
[M + H]"), exhibited similar fragmentation behavior, involving
the loss of the attached sugar unit and formation of a base peak
at m/z 118, 128, and 132, in metabolites 8, 10, and 12, respec-
tively. Additionally, the typical amino acid fragments were
observed, indicating the loss of NHj;, H,0, CO, CO,, and
HCOOH groups (17, 18, 28, 44, and 46 m/z units, respec-
tively).>>** These amino acid sugar conjugates are reported here
for the first time in CDFME. Additionally, pyroglutamic acid
(11, Fig. S157) and isoleucine or leucine (13, Fig. S16T) were
identified.*

3.2.6 Fatty acids and their derivatives. Fatty acids, con-
sisting of 12-24 carbon chains with a COOH group at one end,
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are essential structural components of lipids, plant cell
membranes, and certain bioactive compounds.

Most fatty acid fragmentations revealed neutral water los-
s(es) followed by decarboxylation.** Eight fatty acids and their
derivatives were identified in positive and/or negative ESI mode
(Fig. 2 and Table 2). They are namely palmitoleic linolenic
glucoside (42), palmitic oleic glucoside (47),** dirhamnosyl
linolenic acid (48),>® palmitic acid derivative (51),*® linoleylhy-
droxamate (57), linoleylhydroxamate isomer (59),°° linolenic
acid (62), and linolenic acid isomer (63).*

Unsaturated fatty acids, such as linolenic acid and its
derivatives (42, 48, 57, 59, 62, and 63), are vital nutrients with
a variety of physiological benefits, including neuroprotective,
antioxidant, and anti-inflammatory actions.”” Additionally, four
fatty acid nitrogenous derivatives were also identified, namely,
N-decyl diethanolamine (41), N-decyl diethanolamine (45),
lauramine oxide (46), and lauramine oxide isomer (54).>* Many
studies have reported the presence of various fatty acids in C.
dichotoma seeds, including linoleic acid, oleic acid, and pal-
mitic acid.® However, to the best of our knowledge, dirhamnosyl
linolenic acid and linoleylhydroxamate, were detected here for
the first time in CDFME.

3.2.7 Fatty acid amides. Fatty acid amides are a type of lipid
bioregulator formed by the amidation of the corresponding
amines by long-chain saturated and unsaturated fatty acids.
They have a vital function in robust plant-microbe interactions,
targeting protein synthesis and causing leakage of intracellular
components. As therapeutic agents, fatty acid amides have
a wide range of potential applications, including inflammation,
cancer, parasitic or bacterial infections, obesity, and diabetes.>®

Sixteen fatty acid amides were identified in positive ESI
mode (Fig. 2B and Table 2). These compounds produced main
fragment ions of [M + H-NH;]" and [M + H-NH;-H,0]", indi-
cating ammonia and ammonia plus water losses at the car-
boxamide functional group. Additionally, all fatty acyl moieties
displayed consecutive losses of 14 m/z units, indicative of an
acyl chain.”” For instance, peak 65 (Fig. S177) (m/z 254.2484, [M
+H]") revealed fragment ions at m/z 237 [M + H-NH;]", 142 [M +
H-CgHy6]", and 128 [M + H-CoHyg]" and was annotated as pal-
mitoleamide. Similarly, the mass spectrum of octadecenamide
(78, Fig. S187t) (m/z 282.2802, [M + H]") showed fragment ions at
m/z 265 [M + H-NH,]" and 247 [M + H-NH;-H,0]".

Finally, peaks 52, 60, 64, 66, 67, 68, 69, 71, 72, 75, 76, 77, 79,
and 80 were annotated as linoleamide, linolenamide, myr-
istamide, linoleamide isomer, pentadecanamide, octadecana-
mide, pentadecanamide isomer, heptadecenamide, erucamide,
eicosenamide, palmitamide, octadecanamide isomer, palmita-
mide derivative, and palmitamide isomer, respectively.®”*® Fatty
acid amides were found to be one of the most abundant class of
metabolites detected in positive ESI mode and were identified
here for the first time in CDFME.

3.2.8 Polar lipids. Polar lipids, which are amphiphilic
lipids with hydrophilic and hydrophobic regions, play crucial
roles in plants as signaling mediators, energy storage, and cell
membrane structural elements.'® Major classes of polar lipids
include phospholipids, glycolipids, sphingolipids, and other
derivatives.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Two sulfoglycolipids and one phospholipid were identified
in the negative ESI mode (Fig. 2A and Table 2). Sulfolipids are
a class of lipids in which a sulfated sugar (mostly quinovose or
glucose) is bonded to acylglycerol. Peaks 43 and 53, with [M-H]~
at m/z 555.2839 and 815.4977, were identified as
sulfoquinovosyl-monoacylglycerol ~ (SQMG) (16:0) and
sulfoquinovosyl-diacylglycerol (SQDG) (16:0; 18:3), respec-
tively. Sulfolipids showed characteristic fragment ions at m/z
225 (sulfoquinovosyl-18) and 81 (sulfonate). SQMG (16 : 0) also
featured a fragment ion at m/z 255 related to a palmitic acid
moiety (16:0). Similarly, SQDG (16:0; 18:3) displayed frag-
ments at m/z 255 and 277 related to palmitic acid (16: 0) and
linolenic acid moieties (18:3), respectively.”” Regarding the
identified phospholipid, peak 56 [m/z 833.5177, [M-H] ] was
annotated as diacyl phosphatidyl-myoinositol. It revealed frag-
ment ions at m/z 241 (phospho-myoinositol), 153 (phospho-
glycerol), 81 (sulfonate), and 79 (phosphonate).”® To the best
of our knowledge, polar lipids were detected here for the first
time in CDFME.

3.2.9 Terpenoids. Terpenoids are a class of natural
compounds that are derived from mevalonic acid (MVA), which
are made up of a plurality of isoprene (C5) structural units. They
are essential for the physiological functions, environmental
reactions, and growth and development of plants. Terpenoids
demonstrate a broad spectrum of biological properties,
including antimicrobial, anti-inflammatory, antioxidant, anti-
cancer, and antiallergic effects.*®®

Four terpenoid compounds were identified in positive ESI
(Fig. 2B and Table 2). Peaks 17 and 55 were annotated as pen-
stemide (iridoid-type glucoside)*® and rhodioloside A,** respec-
tively. Peaks 73 and 81 (621.3082 and 621.3087, respectively, [M
+ H]") were annotated as diterpene acetate ester isomers. Their
fragmentation was characterized by the neutral loss of an acetic
acid unit (—60 m/z), but their exact structure could not be
conclusively determined.®

3.2.10 Other phytochemical classes. Other compounds,
belonging to phytochemicals distinct from those mentioned
above, were identified in both positive and/or negative ESI
modes (Fig. 2 and Table 2). The mass spectrum of peak 6
(Fig. S197) (m/z 104.1072, [M + H]") revealed an intense frag-
ment ion at m/z 60 associated with the release of a trimethy-
lammonium cation [(C;H;0-N)]', and it was annotated as
choline.®” In this study, only one flavanol was detected in
negative ESI mode. The MS/MS spectrum of peak 23 (Fig. S207t)
(m/z 623.1613, [M-H] ) revealed a base fragment ion at m/z 315
(isorhamnetin) due to the loss of the attached rutinose moiety
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[M-H-308] ", confirming the identification of isorhamnetin-3-O-
rutinoside.*

Several sulfonic acids (44, 49, and 50)** and two chlorophyll
derivatives [pheophorbide (70) and pheophorbide isomer (74)]
were identified in our study.** As far as we know, choline and
these sulfonic acids were identified here for the first time in
CDFME.

3.3 Acute toxicity study

The therapeutic application of plant medicines without scien-
tific evidence about their toxicity profile may raise serious
concerns. To ensure the safety of plant medicines for human
use, toxicity testing is typically conducted on various animal
models. No toxicity signs (such as hypoactivity, coma, convul-
sions, diarrhea, respiratory depression, perspiration, salivation,
and alteration in the locomotor activity) or deaths were recor-
ded following oral administration of CDFME at doses of 1000
and 2000 mg kg~ compared to the control group. However, at
a dose of 4000 mg kg ', there was a 33.3% mortality rate.
Overall, CDFME exhibited a low toxicity profile, and doses of
100 and 200 mg kg™~ " were selected for further in vivo evaluation.

3.4 Cognitive-enhancing effect of CDFME

SCOP is an anticholinergic drug known to block muscarinic
receptors and act as a muscarinic receptor antagonist. The
antagonistic role of SCOP causes significant deficiencies in
attention and memory. The SCOP-induced dementia model has
been extensively used to assess possible treatment drugs for
treating AD. AD is a brain disease that gradually decreases
thinking and memory capacities, as well as the ability to do even
the most fundamental tasks.” To investigate the cognitive-
enhancing effect of CDFME in rats, learning and memory
were assessed using the NORT and various biochemical
parameters related to memory function were measured. These
included the measurement of the hippocampal levels of AChE
enzyme and neurotransmitters (ACh, NA, and DA). Additionally,
the results of these in vivo investigations were assessed in
relation to the metabolite profile established by LC-QTOF-MS/
MS. Table 3 shows the DI in the NORT, as well as the levels of
AChE, ACh, NA, and DA in the different rat groups.

3.4.1 NORT. The NORT served as a behavioral model to
evaluate memory and learning through visual recognition,
which is affected in the early stages of AD. Research suggests
that the integrity of the hippocampus and cerebral cortex is
essential in this form of recognition memory. Enhanced
recognition memory and exploratory learning are indicated by

Table 3 Discrimination index (DI) in the NORT and levels of AChE, ACh, NA, and DA in the different rat groups

Group DI AChE (U mg™) ACh (nmol mg™) NA (pg mg™) DA (ng mg™)
Normal 0.83 £+ 0.02 0.21 £+ 0.02 5.100 £ 0.49 3.78 £ 0.74 16.49 + 1.81
SCOP (1.14 mg kg™ 0.53 £ 0.03 0.91 £ 0.01 1.200 % 0.23 21.96 £ 1.05 45.06 £ 4.73
DON (0.5 mg kg71) + SCOP 0.77 £ 0.17 0.17 + 0.02 4.900 £+ 0.20 6.53 + 0.73 19.97 £+ 1.51
CDFME (100 mg kg71) + SCOP 0.52 £ 0.02 0.84 £+ 0.02 1.200 + 0.25 20.26 £+ 0.98 41.58 £ 1.95
CDFME (200 mg l(gfl) + SCOP 0.73 £+ 0.03 0.40 &+ 0.03 4.500 £+ 0.76 10.20 £ 0.65 26.26 + 2.34

© 2024 The Author(s). Published by the Royal Society of Chemistry
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a higher percentage of the duration spent with the new object.*®
Fig. 3A demonstrates a substantial decrease (p < 0.05) in time
spent with the novel item in the SCOP control group in
comparison to the normal control group. Additionally, in the
DON and CDFME (200 mg kg™") groups, time spent with the
new object N increased significantly (p < 0.05) compared to the
SCOP control group. These trends can be clearly observed in
Fig. 3A, where the DI is represented for the different groups of
rats. As can be observed, SCOP significantly reduced the DI by
37% compared to the normal control group. Controversy,
treatments with DON and CDFME (200 mg kg™ ') increased the
DI by 47% and 39%, respectively, when compared to the SCOP
control group. Furthermore, the effect of CDFME at a dose of
100 mg kg~ " was statistically insignificant (Table 3 and Fig. 3B).
Therefore, these outcomes suggested that CDFME had an anti-
amnesic effect in rats with SCOP-induced cognitive
impairment.

Various phytoconstituents identified in CDFME may
contribute to the observed cognitive enhancement effect.
Specifically, phenolic acids, including salvianolic acid B, caffeic
acid, rosmarinic acid, syringic acid, p-coumaric acid, and dan-
shensu, have been reported to improve cognitive abilities in in
vitro and in vivo animal models of AD.®**” Essential amino acids
have a potential role in enhancing human learning, memory,
and neuro-cognitive performance.®® Additionally, administering
oleamide to mice enhanced their learning and memory-related
skills.® Fatty acids like linolenic acid have also been reported to
increase DI in rats in the NORT in in vivo animal models.”
Furthermore, phospholipids reversed SCOP-induced spatial
memory deficits in mice.”

A

Phase Il memory test
Actual time Sec

Seconds

Groups

Fig. 3
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3.4.2 AChE and neurotransmitter levels (ACh, NA, and DA).
ELISA was used as a simple, quick, and sensitive approach to
measure AChE and neurotransmitters in the hippocampus of
rats.”> The cholinergic neurotransmission system in the basal
forebrain plays a crucial role in memory and learning, under-
scoring the importance of maintaining ACh levels for proper
brain function. Furthermore, memory disorders in AD may be
caused by disruption to the brain's cholinergic pathways.
Additionally, elevated AChE activity results in increased ACh
degradation, subsequently reducing the ACh pool in rat
hippocampal tissues. AChE inhibitors are now considered the
most potential medication for AD, as they enhance the viability
of ACh in central cholinergic synapses.” Indeed, one of the
main reasons for cholinergic deficits following SCOP adminis-
tration is the increase in AChE activity and the subsequent
decrease in ACh levels.>*> The results obtained (Table 3 and
Fig. 4) confirmed that SCOP increased AChE levels in compar-
ison to the normal control group (by 333%). While treatments
with DON and CDFME at a dose of 200 mg kg~ ' lowered the
AChE levels by 81% and 56%, respectively, in comparison to the
SCOP control group. On the other hand, CDFME (100 mg kg™ ")
resulted in no meaningful effect. Moreover, treatment with
SCOP lowered ACh level by 76% compared to the normal control
group, and these lower levels were maintained with the treat-
ment of CDFME (100 mg kg™ '). In contrast, treatments with
DON and CDFME (200 mg kg™ ") increased ACh level by 308%
and 275%, respectively, compared to the SCOP control group.

Various metabolites identified in CDFME have anti-AChE
effect and restore ACh levels. Phenolic compounds, such as
caffeic acid, syringic acid, lariciresinol,” salvianolic acid B, and

B
Discrimination index
1.0
Familiar 0.8+
Novel
0.6
o

(A) Effect of CDFME on the exploring time of the two different objects. Each bar represents the mean + SD (n = 8). Statistical analysis was

conducted using two-way ANOVA, followed by Sidak's multiple comparisons test. The letter “a” indicates significant differences for the
exploration of the novel new object versus the familiar one (p < 0.05). (B) Effect of CDFME on the DI. Each bar represents the mean + SD (n = 8).
Statistical analysis was conducted by one-way ANOVA, followed by the Tukey multiple comparison test. Letters “a” and "b" indicate significant
differences in the DI in comparison to the normal control group and the SCOP control group (p < 0.05), respectively. The findings indicated
significant variations in memory performance across groups (df between groups = [4], df within groups = [35], R? = [0.98]), particularly with the
200 mg kg~ dose of CDFME, which showed an effect approaching that of the standard treatment.
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Fig. 4 Rat hippocampus levels of (A) AChE, (B) ACh, (C) NA, and (D) DA. Data are presented as mean + SD (n = 6). Statistical analysis was done
using one-way ANOVA, followed by Tukey's multiple comparisons test (p < 0.05). Letters “a” and “b" indicate significant differences compared to
the normal control group and the SCOP control group, respectively. The analysis showed significant group differences (df between groups = [4],
df within groups = [25], R? =[0.95, 0.99, 0.955, 0.988], respectively), with the 200 mg kg~ of CDFME dose yielding a strong and positive effect on

neurotransmitter levels associated with memory function.

rosmarinic acid,®”” were reported to have a potent anti-AChE
effect. p-Coumaric acid mitigates LPS-induced brain damage
and decreases AChE level in the brains of mice.*® Coumarins
have the potential to treat AD and enhance cognitive perfor-
mance by blocking AChE.”® Moreover, previous research showed
that amino acids’ and organic acids such as quinic acid™
exhibited in vitro AChE inhibitory activity. Dietary poly-
unsaturated fatty acids” and choline in the diet”® improved
cholinergic transmission, increased ACh release in the aged
brain, and inhibited AChE.

Several research works have emphasized the influence of
classical neurotransmitter systems, like NA and DA, on cogni-
tive processes such as concentration, learning, and memory.*
Neurochemical changes in aging and AD involve neurotrans-
mitter systems like adrenergic and dopaminergic. In order to
preserve functional stability, endogenous neurotransmitter
secretion normally stays in a harmonious ratio and at a speci-
fied level. According to earlier research, an increase in NA and
DA levels leads to AD symptoms.®® The association between AD
progression and dysfunction in the noradrenergic system is not
completely understood. An excess of NA may lead to production
of toxic metabolites, contributing to disease progression.”

© 2024 The Author(s). Published by the Royal Society of Chemistry

Drugs increasing NA levels in early AD stages may cause adverse
effects and worsen cognitive symptoms due to altered adren-
ergic receptor function, making the decrease of NA level
a potential therapeutic goal.” Previous research suggested that
SCOP increases NA and DA levels in both the cortex and
hippocampus.®

As expected, in the SCOP control group, there was a signifi-
cant increase in NA and DA levels by 481%, and 173%, respec-
tively, compared to the normal control group (Table 3 and
Fig. 4). DON decreased the elevated NA and DA levels by 70%
and 55%, respectively, as compared with the SCOP control
group. Likewise, as observed before for ACh, CDFME
(200 mg kg™ ) induced a similar neuroprotective effect to DON,
resulting in significant reductions in NA and DA levels
compared to the SCOP control group by 53% and 41%,
respectively. These results suggested that CDFME may improve
memory and learning capacities by modulating the metabolic
pathway of monoamine neurotransmitters. To gain additional
insights on the phytoconstituents responsible for the bioactivity
of CDFME, molecular docking, molecular dynamics, and
molecular mechanics studies were conducted.

RSC Adv, 2024, 14, 40267-40286 | 40279
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3.4.3 Molecular docking. The cholinesterase inhibitory
activity of the 18 most abundant compounds in CDFME was
compared to both DON and the co-crystallized inhibitor, as
reference standards. Notably, the phenolic acids rosmarinic
acid, caffeoyl-4’-hydroxyphenyllactate, and sebestenoid C, along
with the lignan sagerinic acid, displayed high affinity for AChE
with binding scores of -7.57, -7.39, —8.47, and
—7.78 keal mol ™ *, respectively. These values were comparable to
those obtained for DON (—8.13 kcal mol ') and the co-
crystallized inhibitor (—7.88 kcal mol™"). As these phenolic
acids and lignan showed the best compromise between the
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abundance in CDFME, the affinity for AChE, and previous
literature reports suggesting relevant neuroprotective proper-
ties, they were selected for further investigation in this part of
our study.®*

The 2D and 3D interactions, along with the binding posi-
tioning for these four compounds, are depicted in Table 4. The
co-crystallized inhibitor of AChE was stabilized by binding to
Ser200, Ala201, Gly118, and Gly119 amino acids. In contrast,
rosmarinic acid formed one H-bond with Glu199 and one pi-H
bond with Gly118. Moreover, caffeoyl-4’-hydroxyphenyllactate
bound Gly118 and Tyr334 with pi-H and pi-pi bonds,

Table 4 3D interactions and binding positioning for rosmarinic acid, caffeoyl-4’-hydroxyphenyllactate, sebestenoid C, and sagerinic acid within

the ACh binding pocket

Comp. 3D interactions

3D positioning

Rosmarinic acid

Caffeoyl-4’-hydroxyphenyllactate

Sebestenoid C

Sagerinic acid

_Gh118

q\ E yri21
Y
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Fig. 5 (A) RMSD values of the complexes of the four selected compounds (rosmarinic acid, caffeoyl-4’-hydroxyphenyllactate, sebestenoid C,

and sagerinic acid) and the co-crystallized inhibitor (DON) with the AChE receptor as a function of the simulation time (200 ns) (B) RMSD values
of the ligand-protein bindings for the four selected compounds (rosmarinic acid, caffeoyl-4’-hydroxyphenyllactate, sebestenoid C, and sagerinic
acid) and the co-crystallized inhibitor (DON) in the complex with the AChE receptor as a function of simulation time (200 ns).

© 2024 The Author(s). Published by the Royal Society of Chemistry

RSC Adv, 2024, 14, 40267-40286 | 40281


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra06991a

Open Access Article. Published on 23 December 2024. Downloaded on 11/7/2025 5:08:24 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

respectively. Sebestenoid C formed six H-bonds with Gly118,
Glu199, GIn69, Tyr121, and Asp72 (2), along with one pi-pi
bond with Trp279. Finally, sagerinic acid bound through three
H-bonds with Tyr121, Asn85, and GIn74. It also formed two
H,0-bridged H-bonds with Phe288 and Phe331 through the
H,0892 molecule, and one pi-H bond with Gly118. Based on
the above and considering that these four compounds occupied
the same binding pocket of the co-crystallized inhibitor,
a promising antagonistic activity could be inferred (Table 4).

3.4.4 Molecular dynamics simulations. The complexes of
the four selected compounds with the AChE target receptor
(rosmarinic acid, caffeoyl-4’-hydroxyphenyllactate, sebestenoid
C, and sagerinic acid-10CE) were subjected to 200 ns molecular
dynamics simulations to investigate their stabilities, using as
a reference standard the co-crystallized inhibitor (DON)
complex (Co-10CE).

The RMSD of the examined protein complexes as a function
of the simulation time was compared to their initial values to
examine their exact stability. Throughout the simulations, the
RMSD values consistently remained below 2.5 A, indicating
highly stable behaviors. With the exception of the sebestenoid
C-10CE complex, all other complexes exhibited RMSD values
around 2 A, closely resembling those of the Co-10CE reference
(Fig. 5A).
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Additionally, the ligands' RMSD analysis was conducted to
clarify the degree of stability for rosmarinic acid, caffeoyl-4'-
hydroxyphenyllactate, sebestenoid C, and sagerinic acid
compared to that of the co-crystallized inhibitor (DON) (Fig. 5B).
The RMSD values for the four compounds fluctuated along the
simulation time up to 7.2, 4, 4.5, and 13.5 A, respectively,
compared to the co-crystallized DON (4.8 A). As can be observed
in Fig. 5B, rosmarinic acid showed moderate stability, where it
fluctuated gradually from the start up to 7.2 A. Meanwhile,
sagerinic acid showed the least stable behavior due to its large
fluctuations, especially from 0 to 100 ns, reaching an average of
about 12 A. Notably, both caffeoyl-4’-hydroxyphenyllactate and
sebestenoid C described the most stable behaviors, which were
very close to those of the co-crystallized ligand. Specifically,
caffeoyl-4’-hydroxyphenyllactate achieved the highest stability,
with fluctuations lower than 4 A. This value was slightly lower
than the value for the co-crystallized DON (4.8 A). The subse-
quent discussion provides a detailed analysis of the caffeoyl-4'-
hydroxyphenyllactate-10CE complex in comparison to the Co-
10CE reference standard.

3.4.4.1 Protein-ligand interactions analysis (histogram and
heat map). Both the histogram and heat map of the caffeoyl-4'-
hydroxyphenyllactate-10CE complex were compared to those of
the Co-10CE (Fig. 6A and 7A, respectively). The histograms and
heat maps of rosmarinic acid, sebestenoid C, and sagerinic
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Fig. 6 Histograms of (A) caffeoyl-4'-hydroxyphenyllactate and (B) DON (Co) ligands within the binding site of AChE(1OCE) during the simulation

time of 200 ns.
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acid-10CE complexes are provided as ESI (Fig. S22 and S23,}
respectively).

Regarding  the  histogram  of the  caffeoyl-4'-
hydroxyphenyllactate-10CE complex (Fig. 6A), it was evident
that Tyr334 and Phe331 were the most contributing amino acids
from the AChE receptor to the interaction with caffeoyl-4'-
hydroxyphenyllactate. Tyr334 showed 140% total interactions,
in the form of H-bonds (100%), hydrophobic interactions
(10%), and H,O-bridges H-bonds (30%). Similarly, Phe331
described total interactions exceeding 130%, divided as H-
bonds (90%), hydrophobic interactions (40%), and H,O-
bridges H-bonds (~5%). Additionally, the heat map of caf-
feoyl-4’-hydroxyphenyllactate-10CE complex (Fig. 7A) showed
that both Tyr334 and Phe331 amino acids of the AChE binding
pocket involved in the interactions with the caffeoyl-4’-hydrox-
yphenyllactate ligand throughout the 200 ns of the simulation
(indicated by the dark orange color).
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In contrast to these results, the histogram of the Co-10CE
complex (Fig. 6B) represented that Ser81, Asn85, and Tyr70
amino acids were the most prominent residues involved in
interactions with the co-crystallized inhibitor of AChE. Their
total interactions fractions were >70%, 70%, and 60%, respec-
tively. Ser81 interactions were in the form of H,O-bridges H-
bonds (70%) and H-bonds (~3%), while those of Asn85 were
exclusively in the form of H,O-bridges H-bonds (70%). As for
Tyr70, its interactions were classified as H,O-bridges H-bonds
(58%) and hydrophobic bonds (~2%). Additionally, the heat
map of the Co-10CE complex (Fig. 7B) highlighted that Ser81
interactions with the Co-10CE throughout the 200 ns simula-
tion, becoming more intense in the second half (>100 ns). On
the other hand, Asn85 and Tyr70 showed more intense inter-
actions from 30 to 200 ns of the simulation. Finally, Tyr70
interactions were clearer from 30 to about 185 ns of the simu-
lation time.
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Fig. 7 Heat maps of (A) caffeoyl-4'-hydroxyphenyllactate and (B) DON (Co) ligands within the binding site of AChE(LOCE) during the simulation

time of 200 ns.

© 2024 The Author(s). Published by the Royal Society of Chemistry

RSC Adv, 2024, 14, 40267-40286 | 40283


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra06991a

Open Access Article. Published on 23 December 2024. Downloaded on 11/7/2025 5:08:24 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

View Article Online

Paper

Table 5 Prime MM-GBSA binding energies (kcal mol™) for the studied protein complexes (rosmarinic acid-10CE, caffeoyl-4'-hydrox-
yphenyllactate-10CE, sebestenoid C-10CE, sagerinic acid-10CE, and Co-10CE)*

Complex AG binding Coulomb Covalent H-bond Lipo Bind packing Solv_.GB VdW SD

Rosmarinic acid-10CE —60.05 28.56 3.15 —-3.07 —26.26  —3.99 —18.43 —40.01 10.84
Caffeoyl-4'-hydroxyphenyllactate-10CE ~ —63.28 33.50 2.14 -3.91 —22.95 —3.37 —29.41 —39.27 10.27
Sebestenoid C-10CE —83.98 —42.86 7.32 —4.49 —-36.76  —3.96 77.00 —80.22 15.98
Sagerinic acid-10CE —50.76 129.81 4.50 —2.80 —-20.85 —3.10 —-111.18 —47.14 8.73
Co-10CE —46.56 —49.49 1.55 —0.58 —-19.30 0 63.05 —41.79 5.12

“ Coulomb: coulomb energy; covalent: covalent binding energy; H-bond: hydrogen-bonding energy; Lipo: lipophilic energy; Solv_GB: generalized
born electrostatic solvation energy; VAW: van der Waals energy; and SD: standard deviation.

3.4.5 Molecular mechanics. Complementary molecular
mechanics calculations were conducted to complete the
stability assessment of the different protein complexes. The
average MM-GBSA binding energies for rosmarinic acid-10CE,
caffeoyl-4’-hydroxyphenyllactate-10CE, sebestenoid C-10CE,
sagerinic acid-10CE, and Co-10CE complexes were calculated.
The total energy (AG) and the contributions from different
components to the total energy are summarized in Table 5.

As can be observed in Table 5, all the examined complexes
showed superior AG binding energies compared to that of the
co-crystallized inhibitor complex (—46.56 kcal mol ). Consis-
tent with the findings from the molecular docking and molec-
ular dynamics studies, both the caffeoyl-4'-
hydroxyphenyllactate-10CE sebestenoid  C-10CE
complexes presented the highest AG binding energies (—63.28
and —83.98 kcal mol*, respectively). Additionally, the contri-
butions from different components to the total energy in all
cases were very close or superior to those of the Co-10CE
complex. This suggested a very promising perspective
regarding the AChE inhibitory potential of the examined
compounds from CDFME, particularly the phenolic acids; caf-
feoyl-4’-hydroxyphenyllactate and sebestenoid C.

and

4. Conclusion

In light of the aforementioned findings, CDFME demonstrated
the presence of valuable phenolic compounds, coumarins,
essential amino acids, and phospholipids, which were reported
to have a neuroprotective effect. C. dichotoma fruit extract
exhibited a cognition-enhancing and neuromodulatory effect by
reversing SCOP-induced learning and memory deficits in rats.
The protective effect was observed by an increase in visual
recognition in the behavioral test. Also, the treatment improved
cholinergic neuronal activity by decreasing AChE and
increasing ACh levels in the rat hippocampus. Moreover, it
showed a correction of neurotransmitter imbalances. Addi-
tionally, molecular docking revealed that among the most
abundant metabolites, rosmarinic acid, caffeoyl-4’-hydrox-
yphenyllactate, sebestenoid C, and sagerinic acid were found to
show the highest binding affinity towards AChE with binding
scores of —7.57, —7.38, —8.47, and —7.78 kcal mol™?, respec-
tively, compared to DON (—8.13 kcal mol ') and the co-
crystallized inhibitor (—7.88 kcal mol ™). Furthermore, molec-
ular dynamics and molecular mechanics clarified that caffeoyl-
4'-hydroxyphenyllactate-10CE complex was the most stable one.

40284 | RSC Adv, 2024, 14, 40267-40286

Therefore, the study supports the use of CDFME in the food
industries and pharmaceuticals for developing memory-
enhancing nutraceuticals and functional foods. However,
more detailed mechanistic studies are needed in the future to
demonstrate cognitive function-enhancing effects of CDFME on
other potential mechanisms involved in AD pathogenesis, such
as inflammatory and glutamatergic pathways, and its antioxi-
dant potential as well. Further research into bioassay-guided
separation and quantification of potential active compounds
in the fruit extract, as well as their therapeutic evaluation in AD,
is advised. More detailed and conclusive in vivo and clinical
studies are highly recommended to investigate the potential of.
C. dichotoma fruit extract in treating patients with AD. As far as
we are aware, our research is the first to characterize metabolic
profile and investigate cognitive function-enhancing effects of
C. dichotoma fruit extract.

Abbreviations

ACh Acetylcholine

AChE Acetylcholinesterase

AD Alzheimer's disease

CDFME C. dichotoma fruit methanolic extract

Co-10CE Co-crystallized ligand (inhibitor or DON)
complex

DA Dopamine

DI Discrimination index

DON Donepezil

ESI Electrospray ionization

LC-QTOF- Liquid chromatography quadrupole time-of-

MS/MS flight mass spectrometry

MM-GBSA Molecular mechanics with generalized Born and
surface area solvation

NA Noradrenaline

NORT Novel object recognition test

RMSD Root mean square deviation

SCOP Scopolamine

TFC Total flavonoids content

TPC Total phenolics content
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