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Targeting acetylcholinesterase (AChE) and B-secretase (BACE-1) enzymes is a promising multifaceted
approach for treating neurological disorders. In our study, the chemical investigation of Echinocactus
grusonii Hildm. (Cactaceae) led to the isolation and identification of seven compounds, including three
flavonoids, naringenin 1, kaempferol 2, and isokaempferide 3, one megastigmane glycoside, vomifoliol-
9-0O-B-bp-glucopyranoside 4, and three alkaloids, N-chloromethyl hordenine 5, N-acetyl hordenine 6,
and N-acetyl-N-chloromethyl-N-methyl tyramine 7. Compounds 5 and 7 were identified as previously
undescribed halogenated alkaloids. Biological evaluation revealed that all compounds exhibited
promising acetylcholinesterase inhibitory activity (ICsq = 0.076-2.255 pg mL™Y), as well as significant
inhibition of B-secretase with ICso values ranging from 0.066 to 7.189 pg mL~*. Docking, molecular
dynamics, and binding energy calculations suggested that compounds 4 and 5 are promising AChE
inhibitors, while compounds 3, 4, and 7 are leading candidates against B-secretase. Collectively, this
study underscores the potential of Echinocactus grusonii as a rich source of bioactive lead compounds

rsc.li/rsc-advances

Introduction

Cholinergic neurotransmission is mediated by acetylcholine
(ACh), a neurotransmitter that is rapidly hydrolysed after its
release by cholinesterase (ChE) enzymes, namely acetylcholin-
esterase (AChE) and butyrylcholinesterase (BuChE). AChE is
localized to the cytoplasm and outer cell membrane of neural
synapses and blood cells, as well as throughout the central
nervous system (CNS). Each AChE molecule contains an active
site with two functional regions, a negatively charged anionic
site that binds the positively charged quaternary nitrogen of
ACh, and an esteratic site that binds the acyl moiety. This
interaction results in the rapid hydrolysis of Ach.® Reversible
AChE inhibition using compounds containing quaternary or
tertiary ammonium functional groups has multiple applica-
tions. These include the diagnosis and treatment of various
conditions, such as myasthenia gravis, Alzheimer's disease
(AD), post-operative ileus, bladder distention, and glaucoma, as
well as serving as an antidote for anticholinergic overdose.™*
Beta-site amyloid precursor protein cleaving enzyme 1,
commonly known as B-secretase is a key therapeutic target in
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for developing novel therapeutics for pharmaceutical applications.

Alzheimer's disease (AD) due to its role in formation of amyloid-
B (AB) plaques, a primary pathological hallmark. Beyond CNS, B-
secretase is expressed in other cells such as Schwann cells and is
involved in diverse biological processes. For example, its phar-
macological inhibition enhances macrophage recruitment and
debris clearance in injured nerves, and consequently promotes
axonal regeneration.>* Moreover, a significant upregulation of
B-secretase was observed in the myocardial tissue of patients
with ischemic heart failure.” Importantly, the development of
drugs targeting P-secretase has been challenging. However,
a number of inhibitors have recently entered clinical trials, and
their effectiveness in preventing and treating AD has been re-
ported.® In recent years, plant-based products have shown
promising properties in the treatment of several diseases pre-
senting a valuable source of alternative therapy with high effi-
cacy and fewer side effects.

Cacti are fleshy and pulpy wild-ornamental plants of the
family Cactaceae. They grow in dry, semi-arid, and hot climates
of South, North and Central America. They are xerophytic plants
with great adaptability to harsh environment with economic
importance.” Cacti plants are cultivated for multiple applica-
tions, serving as functional food and livestock fodder. These
plants are a valuable source of functional food ingredients, as
their consumption provides essential minerals, dietary fiber,
phenolic compounds, and various bioactive components.®

Echinocactus grusonii Hildm. (Cactaceae) is a xerophyte
species widely distributed in the Egyptian ecosystem and is

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Structures of the isolated compounds 1-7.

commonly cultivated as an ornamental plant.® Previous studies
on cactus plants revealed the presence of phenolic compounds,
flavonoids, alkaloids and other nitrogenous compounds, beta-
lains, terpenes, and fatty acids."®

Given that many species within the Cactaceae family remain
unexplored, this study aimed to investigate the chemical
constituents of E. grusonii and to evaluate their inhibitory
activities against AChE and B-secretase. During our search for
potential inhibitors of these enzymes from E. grusonii, we iso-
lated seven compounds (Fig. 1), including two previously
undescribed halogenated amide alkaloids (5 and 7). Herein, we
describe the isolation, structural elucidation, and inhibitory
activity of these compounds against AChE and -secretase,
highlighting their potential as candidates for central and
peripheral nervous system diseases.

Material and methods

Chemicals and standards

B-Secretase inhibitor screening kit (K720-100) and AChE
inhibitor screening assay kit (K197-100) were purchased from
Bio Vision, USA. Solvents including n-hexane, dichloromethane
(DCM), ethyl acetate (EtOAc), n-butanol (n-BuOH), methanol
(MeOH), and acetone, were used for extraction and purification
(Merck, Darmstadt, Germany). Normal phase-silica gel (0.063-
0.200 mm, 70-230 mesh Merck) and a Sephadex LH-20 (Sigma
Aldrich, Sweden) were used for open column chromatography.
Diaion HP-20 purchased from Mitsubishi Chemical Co., Tokyo,
Japan, was used for fractionation. Preparative thin layer chro-
matography glass plates (PTLC) (20 x 20 cm, silica gel 60
matrix, binder, polymeric, fluorescent indicator (Sigma Aldrich,
Sweden) were used for final purification of alkaloids. TLC silica
gel 60 F,5, plates were purchased from Merck, Darmstadt,
Germany, and dimethyl sulfoxide (DMSO) was purchased from
Cambridge Isotope Laboratories, Andover, MA, USA.

Extraction and isolation

The whole plant E. grusonii Hildm. was collected from Helal
cactus farm (30°06'29.0”"N, 31°06'19.5"E) in July 2023. It was
kindly identified by Prof. Abdo Marei Hamed, Professor of Plant
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Ecology, Botany and Microbiology Department, Faculty of
Science, Al-Azhar University, Cairo, Egypt. A voucher specimen
EG-2019 was deposited at the herbarium of Pharmacognosy
Department, Faculty of Pharmacy, Al-Azhar University, Egypt.

The plant was washed with water, and the roots and spines
were removed. The stem was cut into slices and freeze-dried,
yielding 1 kg of dried material. This material was then extrac-
ted by maceration with 80% aqueous methanol. The extract was
concentrated under reduced pressure to yield 100 g of a crude
extract. The crude extract was then suspended in H,O and
sequentially partitioned with n-hexane, EtOAc, and n-BuOH to
obtain corresponding fractions of n-hexane (1 g), EtOAc (6 g),
and n-BuOH (25 g). The EtOAc fraction was chromatographed
over normal phase-silica gel and eluted with gradient solvent
system of DCM-MeOH, to yield 6 subfractions (E;-Eg). Sub-
fraction E; (200 mg) was frequently purified over a Sephadex
LH-20 eluted with 100% MeOH to obtain compound 1 (18.0
mg). Compounds 2 (45.0 mg) and 3 (20.0 mg) were obtained
from subfraction Es5 (245 mg) by repeated purification steps over
a Sephadex LH-20 column eluted with 100% MeOH.

The n-BuOH fraction was chromatographed on a Diaion HP-
20 column, eluted with a stepwise gradient of H,0-MeOH,
yielding five subfractions (B;-Bs). Among these, subfraction B,
was further purified over normal-phase silica gel chromatog-
raphy using a mixture of DCM-MeOH with 1% ammonia as the
eluent, to afford six subfractions (By,—Byg).

Subfraction B,;, was determined as an alkaloid fraction by
TLC investigation. It was subsequently purified by repeated
chromatography on a Sephadex LH-20 column eluted with
100% MeOH, followed by preparative TLC (DCM-MeOH-NH,,
80:20:2, v/v/v), to yield compounds 5 (18.0 mg), 6 (12.0 mg),
and 7 (15.0 mg). Additionally, compound 4 (13.0 mg) was iso-
lated from subfraction B, by repeated Sephadex LH-20 columns
eluted with 100% MeOH.

Compound 1: yellow amorphous powder; 'H NMR (400 MHz,
DMSO-dg) 631 12.16 (brs, 1H, C-5 OH), 7.32 (d, ] = 8.0 Hz, 2H, H-2/,
H-6'), 6.81 (d, J = 8.0 Hz, 2H, H-3//H-5'), 5.9 (s, 2H, H-6/H-8), 5.45
(dd, J = 13.3 Hz, 1H, H-2), 3.30 (dd, J = 17.0, 12.9 Hz, 1H, H-3,,),
2.69 (dd, J = 17.0, 3.0 Hz, 1H, H-3.). "°C NMR (100 MHz, DMSO-
dg) 6c 196.7 (C-4),167.7 (C-7), 164 (C-5), 163.4 (C-4), 158.2 (C-9),
129.4 (C-1), 128.8 (C-2'/C-6'), 115.6 (C-3//C-5'), 102.1 (C-10), 96.4
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(C-6), 95.6 (C-8), 78.9 (C-2), 42.4 (C-3); HRESIMS m/z 271.0609 [M
— H]™ (caled for C;5H,,0s5, 271.0606), see SI Fig. S1-S3.

Compound 2: yellow amorphous powder; "H NMR (400 MHz,
DMSO-d,) 6y 12.50 (brs, 1H, C-5 OH), 8.06 (d, J = 8.44 Hz, 2H, H-
2'/H-6'), 6.94 (d, J = 8.44 Hz, 2H, H-3//H-5'), 6.45 (s, 1H, H-8),
6.20 (s, 1H, H-6). >*C NMR (100 MHz, DMSO-d,) d¢ 176.4 (C-
4), 164.5 (C-7), 161.2 (C-5), 159.7 (C-4'), 156.6 (C-9), 147.3 (C-
2), 136.2 (C-3), 130.0 (C-2'/C-6'), 122.1 (C-1") 115.9 (C-3//C-5'),
103.5 (C-10), 98.7 (C-6), 94.0 (C-8); HRESIMS m/z 285.0415 [M —
H]™ (caled for C;5HqOg, 285.0399), see SI Fig. S4-S6.

Compound 3: yellow amorphous powder; "H NMR (400 MHz,
DMSO-dg) 0y 12.69 (brs, 1H, C-5 OH), 7.94 (d, J = 8.8 Hz, 2H, H-
2//H-6'), 6.96 (d, ] = 8.8 Hz, 2H, H-3'/H-5), 6.33 (s, 1H, H-8), 6.11
(s, 1H, H-6), 3.78 (s, 3H, 3-0-CH3). *C NMR (100 MHz, DMSO-
ds) 6c 177.9 (C-4), 164.9 (C-7), 161.7 (C-5), 160.7 (C-4'), 157.1 (C-
9),155.6 (C-2), 137.9 (C-3), 130.1 (C-2'/C-6),121.1 (C-1") 116.1 (C-
3'/C-5'), 103.8 (C-10), 99.8 (C-6), 94.5 (C-8), 60.2 (3-O-CHj);
HRESIMS m/z 299.0507 [M — H]  (caled for C;¢H;;0s,
299.0556), see SI Fig. S7-S9.

Compound 4: yellow amorphous powder; "H NMR (400 MHz,
DMSO-dg) 05; 5.99 (d, J = 15.44 Hz, 1H, H-7), 5.78 (s, 1H, H-5),
5.69 (dd, J = 15.88, 6.32 Hz, 1H, H-8), 4.46 (m, 1H, H-9), 4.12
(d,J = 7.72 Hz, 1H, H-1'), 2.9-3.8 (6H, (H-2'/H-6')), 1.83 (s, 3H,
CH3-13), 2.59 (d, J = 16.68 Hz, 1H, H-2,,), 2.09 (d, J = 16.68 Hz,
1H, H-2¢q), 1.21 (d, J = 6.44 Hz, 3H, CH;-10), 0.94 (s, 3H, CH,-
12), 0.93 (s, 3H, CH;-11). ">*C NMR (100 MHz, DMSO-dg) d¢ 197.9
(C-3), 164.3 (C-5), 132.1 (C-7), 131.9 (C-8), 126.0 (C-4), 100.4 (C-
1), 78.4 (C-6), 77.5 (C-5'), 73.8 (C-3), 73.7 (C-9), 72.4 (C-2'), 70.5
(c-4), 61.5 (C-6'), 49.8 (C-2), 41.4 (C-1), 24.6 (C-11), 23.6 (C-12),
22.5 (C-10), 19.1 (C-13); ESIMS m/z 387 [M + H]', see SI
Fig. S10-512.

Compound 5: colourless needle crystals; 'H NMR (400 MHz,
DMSO-de) 0y 7.12 (d, J = 8.44 Hz, 2H, H-2/H-6), 6.78 (d, J =
8.44 Hz, 2H, H-3/H-5), 5.50 (s, 2H, N-CH,CI), 3.39 (s, 6H, 2N-
CH3), 3.62 (dd, J = 15.44, 6.32 Hz, 2H, H-8), 2.96 (t,] = 15.44 Hz,
2H, H-7). "*C NMR (100 MHz, DMSO-d) d¢ 157.0 (C-4), 130.4 (C-
2/C-6), 126.0 (C-1), 116.0 (C-3/C-5), 68.7 (N-CH,Cl), 63.6 (C-8),
49.3 (2N-CHj;), 27.6 (C-7); HRESIMS m/z 214.0996 [M]" (caled
for C1,H,,CINO", 214.0993), see SI Fig. S13-S18.

Compound 6: colourless needle crystals; "H NMR (400 MHz,
DMSO-d,) 6y 9.18 (brs, 1H, C-1 OH), 7.02 (d, J = 8.4 Hz, 2H, H-2/
H-6), 6.68 (d, J = 8.4 Hz, 2H, H-3/H-5), 2.63 (brt, 2H, H-7), 2.48
(brt, 2H, H-8), 2.23 (s, 6H, 2N-CH;), 1.9 (s, 3H, CO-CH;). *C
NMR (100 MHz, DMSO-d,) 6¢ 172.7 (N-CO), 155.9 (C-4), 129.9 (C-
2/C-6), 126.0 (C-1), 115.5 (C-3/C-5), 61.5 (C-8), 45.3 (2N-CHj),
32.7 (C-7), 21.7 (CO-CHj3); HRESIMS m/z 208.1348 [M]', see SI
Fig. $19-S23.

Compound 7: colourless needle crystals; "H NMR (400 MHz,
DMSO-de) 6y 7.12 (d, J = 8.44 Hz, 2H, H-2/H-6), 6.78 (d, J =
8.44 Hz, 2H, H-3/H-5), 5.50 (s, 2H, N-CH,CI), 3.62 (dd, J = 15.44,
6.32 Hz, 2H, H-8), 3.26 (s, 3H, NCHj;), 2.96 (t, ] = 15.44 Hz, 2H,
H-7), 1.78 (s, 3H, NCH3). "*C NMR (100 MHz, DMSO-dg) ¢ 177.1
(N-CO), 157.0 (C-4), 130.4 (C-2/C-6), 126.0 (C-1), 116.0 (C-3/C-5),
68.7 (N-CH,CI), 63.5 (C-8), 49.3 (NCHj3), 27.7 (C-7), 24.3 (CO-
CHj;); HRESIMS m/z 242.0975 [M]" (caled for C;,H,;,CINO,",
242.0942), see SI Fig. $24-S29.
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Identification of the isolated compounds

The NMR spectra for the isolated compounds were recorded on
Bruker DRX-400 spectrometer (Bruker Daltonics, Billerica MA,
USA) utilizing tetramethyl silane (TMS) as an internal standard.
The chemical shift was expressed as ¢ values. HR-MS of
compounds was determined using a quadrupole time-of-flight
(g-tof) mass spectrometer (Agilent Technologies, USA). Also,
ESI-MS positive and negative ion acquisition mode was carried
out on a XEVO TQD triple quadruple instrument (Waters
Corporation, USA).

In vitro enzyme assays

In vitro B-secretase inhibition assay. A B-secretase inhibitory
assay was performed using a BACE Inhibitor Screening Assay
Kit, Bio Vision, USA; K720-100, following the manufacturer's
protocol and the method described by.'* Briefly, the isolated
compounds and control samples (solvent, inhibitor, and
enzyme) were prepared. Then, 50 pL of each were aliquoted into
the designated wells of a microplate. Subsequently, 2 pL of
diluted B-secretase enzyme was added to each well, followed by
incubation for 5 minutes at 25 °C. Then, 50 pL of substrate
solution was added to each well, and the plate was shaken
gently to mix. The fluorescence intensity was measured. Cur-
cumin was used as a positive standard at the same test
concentrations. The inhibition percentage was calculated using
the following equation:

slope of EC — slope of S

|
slope of EC x 100

% Relative inhibition =

where, slope of EC is the slope of the enzyme control, and slope
of S is the slope of tested sample.

In vitro acetylcholinesterase (AChE) inhibition assay. The
AChE inhibition assay was performed using a commercial kit,
AChE Inhibition Screening Kit, Bio Vision, K197-100, according
to the manufacturer's protocol. Briefly, 10 pL of diluted AChE
enzyme was added to wells containing the test sample [S],
inhibitor control [IC], solvent control [SC], and enzyme control
[EC]. Subsequently, 10 uL of AChE assay buffer was added to the
well designated as background control [BC]. The volume in all
wells was then adjusted to 160 pL per well using AChE assay
buffer. The plate was mixed thoroughly and incubated at room
temperature for 10-15 minutes, protected from light. Following
that, 40 pL of a freshly prepared reaction mix, comprising
diluted AChE substrate (10 pL), probe mix (5 pL), and AChE
assay buffer (25 pL), was added to all wells. The plate was mixed
thoroughly, resulting in a final reaction volume of 200 uL per
well. The absorbance was measured at 412 nm in kinetic mode
for 40 minutes at room temperature. Donepezil was used as
a positive drug. The inhibition percentage was calculated using
the relative inhibition equation previously described.

Docking-based virtual screening

Ligand structure generation. OpenBabel v.3.1.1 (ref. 12) was
used to convert the structures’ SMILE codes to three-
dimensional configurations that were subsequently subjected
to a minimization of energy using the steepest descent

© 2025 The Author(s). Published by the Royal Society of Chemistry
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technique with the same software. The minimization was per-
formed by the force field MMFF94. Using AutoDockTools v.4.2,
all torsions of the selected structures were assigned and their
Gasteiger charges were provided for all studied atoms in
structures.*

Protein structure preparation. For docking screening, the
human AChE and B-secretase crystal structures (PDB codes:
4W93 and 3L4W, respectively)'**> were used. PDBfixer'® was
used to edit the downloaded structure, adding missing residues
and atoms, and removing co-crystalized H,O and heteroatoms.
Through AutoDockTools v.4.2, polar hydrogen and Gasteiger
charges were subsequently made available for both proteins.

Structural docking. The docking process was carried out
using the PyRx platform's built-in AutoDock Vina software.'®”
According to the co-crystalized ligands of both enzymes, the
docking search grid boxes were determined to perfectly enclose
them with a 20 A3 total size.

The grid box's coordinates were set to be x = —9.682; y =
4.274; z = —23.145 and x = 45.424; y = 92.375; z = 34.811,
respectively. The level of exhaustion was held at 24. Pymol
software was used to evaluate and display docking poses.
Exhaustiveness was set to 24. Ten poses were generated for each
docking experiment. Docking poses were analysed and visual-
ized using Pymol software."® The docking protocol was validated
by re-docking the co-crystalized ligands into the active sites of
both enzymes. The resulting top-scoring poses of both ligands
were in good alignment with the co-crystalized ones with slight
deviations (RMSDs = 1.27 and 1.04, respectively).

Molecular dynamics simulation

MD simulations were conducted using NAMD 3.0.0 software,"
which applies the Charmm-36 force field. Protein systems were
constructed using the QwikMD toolkit of VMD software,*
ensuring the protein structures had no missing hydrogens,
setting the protonation states of the amino acid residues to pH
7.4, and removing co-crystallized water molecules. The struc-
tures were then embedded in an orthorhombic box of TIP3P
water with 0.15 M Na* and Cl~ ions in a 20 A solvent buffer. The
systems were energy minimized and equilibrated for 5 nano-
seconds. The parameters and topologies of the ligands were
calculated using the VMD plugin Force Field Toolkit (ffTK).
These generated parameters and topology files were loaded into
VMD* to read the protein-ligand complexes accurately and
conduct the simulation steps.

Binding free energy calculations

Molecular Mechanics Poisson-Boltzmann Surface Area (MM-
PBSA) embedded in the MMPBSA.py module of AMBER18 was
utilized to calculate the binding free energy of the docked
complex.”” 100 frames were processed from the trajectories in
total, and the system's net energy was estimated using the
following equation:

AGbinding = AGcomplcx - AGrcccptor - AGinhibitor

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Each of the afore mentioned terms requires the calculation
of multiple energy components, including van der Waals
energy, electrostatic energy, internal energy from molecular
mechanics, and polar contribution to solvation energy.

Statistical analysis

To obtain the experimental results in this study, all experi-
mental studies were carried out in triplicate manner, and the
results are expressed as the means + SD (n = 3). The statistical
significance of differences between means was established
using ANOVA with Duncan's post hoc tests. p values < 0.05
indicate statistical significance.

Results and discussion
Identification of the isolated compounds

Compound 1 was obtained as a yellowish-white amorphous
powder. Its molecular formula was determined as C;5H;,05
from the negative ESIMS data at m/z 271.0609 [M — H] . The 'H
NMR spectrum of 1 revealed two doublet proton signals, each
integrating for two protons resonating at dy 7.32 (d, / = 8.0 Hz)
and 6.81 (d, J = 8.0 Hz) indicating the presence of two ortho-
coupled equivalent pairs of protons H-2'/6' and H-3'/5/,
respectively, resembling typical AA'BB’ pattern of 1,4-disubsti-
tuted B ring of flavonoids. Additionally, the presence of a singlet
proton signal integrating for two protons at ¢y 5.91 gives
insights on the characteristically overlapped A ring protons H-6
and H-8 of flavanones.” Besides, the ring C of 1 was determined
as a flavanone, with three doublet of doublet signals at ¢y 5.45
(H-2,] = 3.0, 13.0 Hz), 2.69 (H-3q, ] = 17.0, 3.0 Hz), and 3.30 (H-
3ax J = 17.0, 12.9 Hz).** On the other hand, the APT NMR
spectrum confirmed the previously elucidated structure with 13
carbon signals. Comparison of APT NMR spectroscopic data of
1 with those previously reported, indicated signals resonating at
0c 78.9, 42.4 and 196.7, that were assigned for C-2, C-3, and C-4,
respectively, further confirmed flavanone skeleton.>® Moreover,
the existence of two carbon signals at dc 96.4 and 95.6 with
approximate difference value of 6 1 ppm confirmed C-6 and C-8
of ring A.*® Additional carbon signals at 6c 115.6 and 128.8
further confirmed the substitution pattern of ring B ie., 1,4
disubstituted.>* Compound 1 was thus elucidated as
naringenin.

Compound 2 was obtained as a yellow amorphous powder,
and its molecular formula was established as C;5H;00¢ by
a molecular ion peak in ESI-MS analysis at m/z 285.0415 [M —
H]|™. The NMR data were consistent with those reported in
literature.””*® The flavonoid ring B was determined by two
doublets (AA'BB’ system), each integrating for two protons,
resonating at éy 8.06 for H-2'/H-6' (J = 8.4 Hz) and 6.94 for H-3/
H-5' (] = 8.4 Hz), indicating a 1,4-disubstituted ring. Addition-
ally, two broad singlet signals at dy 6.19 and 6.44 were assigned
for H-6 and H-8 in ring A.*” About APT NMR analysis, 13 carbon
signals were detected. Among them, a characteristic signal at d¢
176.4 (C-4) was assigned for a carbonyl group indicating
a flavonol. The flavonoid ring A was further confirmed by
signals at 0¢c 98.7 and 94.0 assigned for C-6 and C-8, respectively.

RSC Adv, 2025, 15, 49178-49188 | 49181
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Whilst a 1, 4-disubstituted ring B was confirmed by the presence
of two carbon signals at dc 115.9 and 130.0 revealing C-3'/C-5
and C-2'/C-6/, respectively.>*** Hence, compound 2 was eluci-
dated as 3,4',5,7-tetrahydroxyflavone, commonly known as
kaempferol.

Compound 3 was obtained as a yellowish-white amorphous
powder. The negative mode of ESIMS analysis of 3 revealed
a molecular ion peak at m/z 299.0507 [M — H]|, and the molec-
ular formula was determined to be C;6H;,06. The 'H NMR
spectrum showed two doublet proton signals, each with two
proton integrations, at 6y 7.94 (J = 8.8 Hz) and 6.96 (J = 8.8 Hz)
indicating the presence of two ortho-coupled equivalent pairs of
H-2'/6/ and H-3'/5, respectively, resembling typical AA'BB’
pattern of 1,4-disubstituted B ring of flavonoids. Besides, the
presence of two broad singlet proton signals at 6 6.33 and 6.11
were assigned for H-6 and H-8 of ring A. The presence of
a methoxy group in the flavonoid structure was characterized by
a singlet signal at 6 3.78 (3H).?®* Moreover, the APT NMR spectrum
revealed 13 carbon signals. Among them, a characteristic signal
at 6c 177.9 (C-4) indicated a carbonyl group in the flavonoid
structure.” The APT NMR data were similar to those reported for
2 except for an additional methoxyl group in 3, which was
confirmed by carbon signal at ¢ 60.2.>° In contrast to 2, the
attachment of C-3 methoxyl group was deduced from the down-
field shifts of C-2 (6¢ 155.6), C-3 (0¢ 137.9) and C-4 (¢ 177.9).%%®
Hence, compound 3 was identified as 3-methoxy kaempferol.

Compound 4 was isolated as a yellow amorphous powder with
a molecular formula of C;4H3,0s. For aglycone part, the "H NMR
spectrum of 4 showed two trans-olefinic proton signals at d¢ 5.99
(H-7, d, ] = 15.44 Hz) and 6y 5.69 (H-8, dd, J = 15.88, 6.32 Hz).
Additionally, a broad singlet vinyl proton signal at ég 5.78 was
assigned for H-4. Besides, a multiplet signal observed at 0y 4.46
revealed an oxymethine proton at C-9. Furthermore, two geminal
methylene protons at C-2 were assigned at oy 2.09 (H-2a, ] =
16.68 Hz), 2.59 (H-2b, ] = 16.68 Hz). Three singlet methyl signals
resonated at dy 0.93, 0.94 and 1.83 were assigned for C-11, C-12
and C-13, respectively. The presence of a doublet signal at 0y
1.21 (J = 6.44 Hz) indicated an additional methyl group at C-10.
These data suggested that 4 is a C13 megastigmane (a-dihydro-
ionyl type) derivative.**** For sugar part, a typical set of signals
due to a B-glucosyl moiety was observed at 0y (4.12,d,J = 7.72 Hz)
assigned for anomeric proton at C-1'. Besides, signals resonated
at 0y 2.9-3.8 were assigned for the remaining sugar protons.*?
The APT NMR data revealed 19 carbon signals, including 6 sugar
carbon signals at d¢ 100.4 (C-1), 77.5 (C-5'), 73.8 (C-3'), 72.4 (C-2/),
70.5 (C-4), and 61.5 (C-6'). The remaining 13 signals were
assigned for the aglycone moiety, with four quaternary carbons
appearing at ¢ 197.9 (C-3, carbonyl), 164.3 (C-5), 78.4 (C-6), and
41.4 (C-1). Additionally, three olefinic carbons were observed at ¢
126.0 (C-4), 132.1 (C-7), and 131.9 (C-8), while a hydroxylated
methine (C-9) resonated at ¢c 73.7. A methylene carbon (C-2)
appeared at dc 49.8, and four methyl groups were identified at
dc 24.6 (C-11), 23.6 (C-12), 22.5 (C-10), and 19.1 (C-13). Based on
NMR data and comparison with literature, compound 4 was
identified as vomifoliol-9-O-B-p-glucopyranoside.***

Compound 5 was isolated as colourless needles and gave
a positive orangered reaction with Dragendorff's reagent,
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suggesting a nitrogen-containing alkaloid. High-resolution mass
spectrometry (HRESIMS) established the molecular formula as
C,1H;,CINO", based on the [M]" ion at m/z 214.0996. The char-
acteristic 3:1 isotopic ratio of the [M]" and [M + 2]" peaks
confirmed the presence of a single chlorine atom.*** The 'H
NMR spectrum provided significant structural insight. Signals for
a 1,4-disubstituted benzene ring [y 7.12 (d,J = 8.44 Hz) and 6.78
(d,J = 8.44 Hz)] and an ethyl side chain [0y 2.96 (H,-7), 3.62 (H,-
8)] were determined in the structure of 5. A singlet signal with six
protons at dy 3.39 indicated the presence of an N,N-dimethyl
groups. Together, these features suggested that compound 5 was
a derivative of the known compound hordenine.*” However, a key
difference was a distinct downfield-shifted singlet at dy 5.5,
integrating for two protons. The deshielding of this methylene
group was consistent with its attachment to both a nitrogen and
an electronegative chlorine atom, suggesting a -CH,Cl moiety.**
The *C NMR showed a resonance at o 68.7 was characteristic for
a methylene group bonded to chlorine. The remaining carbon
signals [d¢ 157.0 (C-4), 130.4 (C-2/C-6), 126.0 (C-1), 116.0 (C-3/C-5),
63.6 (C-8), 49.3 (2N-CH3), 27.6 (C-7)] were fully consistent with the
hordenine skeleton.

The final structure was confirmed by 2D NMR experiments.
Key evidence included a COSY spectrum revealing the spin
systems of the ethyl side chain (H,-7/H,-8) and the aromatic ring
(H-2/6 with H-3/5). Moreover, HMBC correlations of chloro-
methylene protons (6 5.5) to N-methyl carbons (6 49.3) and C-8
(6¢ 63.6) confirmed the presence of -CH,Cl group directly on the
nitrogen atom. Additional HMBC correlations from the N-methyl
protons to H,-7 and H,-8 further confirmed the structure (Fig. 2).
Therefore, based on spectroscopic evidence—including MS, 'H
NMR, *C NMR, HSQC, HMBC, and COSY—compound 5 was
identified as N-chloromethyl hordenine.

Compound 6, with molecular formula (C;,H;sNO,"), was
obtained as colourless needles and gave an orange-red spot
when sprayed with Dragendorff's reagent indicating its possible
nitrogenous or alkaloidal nature. Its spectroscopic data ("H and
APT NMR) were similar to those reported in the literature for N-
acetyl hordenine,*** confirming its structure.

Compound 7 was isolated as colourless needles and produced
an orange-red spot with Dragendorff's reagent, indicating its
alkaloidal nature. High-resolution mass spectrometry (HRESIMS)
indicated the molecular formula as C,,H;,CINO,", based on the
[M]" ion peak at m/z 242.0975. Analysis of the NMR data revealed
that compound 7 shared a core structure with compound 5. This
was evidenced by the signals for a 1,4-disubstituted benzene ring
[0 7.12, 6.78 (each 2H, d, J = 8.44 Hz); 6 157.0 (C-4), 130.4 (C-2/
C-6), 126.0 (C-1), 116.0 (C-3/C-5)], an ethylamine side chain [¢y
2.96 (H,-7), 3.64 (H,-8); 6c 27.6 (C-7), 63.5 (C-8)], an N-methyl

Fig.2 Key HMBC /X and COSY mmmm correlations of compounds 5
and 7.
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group [0y 3.26 (3H, s); 6¢ 49.3], and the characteristic N-chloro-
methyl group [0y 5.5 (2H, s); 6¢ 68.7].

The key structural distinction was the presence of an acetyl
group in compound 7, indicated by a methyl signal at ¢y 1.78
(3H)/6¢ 24.3, and a corresponding carbonyl carbon at é¢ 177.1.
The presence of this acetyl group was confirmed by HMBC spec-
troscopy, which showed a key correlation from the acetyl methyl
protons (6y 1.78) to the carbonyl carbon (6c 177.1). This,
combined with the molecular formula requiring two additional
atoms (C and O) beyond the structure of compound 5, definitively
established the N-acetyl substitution. The structure was further
confirmed by 2D NMR experiments. The COSY spectrum
confirmed the spin systems of the ethyl side chain (H,-7/H,-8) and
the aromatic ring. The HMBC spectrum demonstrated correla-
tions of N-methyl and N-chloromethyl protons to C-8, as well as
correlations of H,-7 to both C-8 and the aromatic carbons C-2/C-6
(Fig. 2). Hence, based on these spectroscopic data, compound 7
was identified as N-acetyl-N-chloromethyl-N-methyl tyramine.

Inhibitory effects on B-secretase

According to previous reports, B-secretase enzyme plays an
important role in amyloid beta (AB) deposition, which results in
long-term cognitive decline and is a major factor in AD.>'* The
ability of compounds obtained from E. grusonii to inhibit B-
secretase was assessed, and the results are depicted in Table 1.
The results revealed a promising activity of all tested
compounds with ICs, values less than 2 pg mL ™", except for
compound 2. Moreover, the results revealed potent activity of
compounds 1, 3, and 4 with ICs, values of 0.422 £+ 0.014, 0.134 +
0.003, and 0.066 + 0.002 pg mL™", respectively, as compared
with curcumin with an IC;, 0.272 + 0.009 ug mL . The higher
activity of 1 compared to 2 suggests that the flavanone moiety is
important for activity, unlike the flavonol structure in 2 (IC5, =
7.189 £ 0.237 ug mL™ ).

Additionally, the alkaloid derivatives 5 and 7 demonstrated
potent inhibitory activity, with ICs, values of 0.268 £ 0.009 and
0.12 + 0.004 pg mL ™", respectively. These values were signifi-
cantly lower than that of compound 6, suggesting that the
presence of a halogen moiety is crucial for the observed activity.

Inhibitory effects on AChE

Acetylcholinesterase (AChE) is a key enzyme in the central and
peripheral nervous systems, responsible for catalysing the

Table 1
ng mL~t + SD of three independent experiments
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hydrolysis of acetylcholine in cholinergic synapses. Conse-
quently, acetylcholinesterase inhibitors (AChEIs) can modulate
critical pathogenic pathways.** Based on this rationale, the
isolated compounds were evaluated for their AChE inhibitory
activity.

The results showed dose dependent inhibition activity of
compounds toward AChE as seen in Table 1. In the current
study, compound 1 revealed a potent AChE inhibition with an
ICs, value of 0.212 4 0.007 ug mL . This finding aligns with the
reported in vitro and in silico AChE inhibitory activity of nar-
ingenin and its derivatives.*® The potent activity of 1 (IC5, =
0.212 + 0.007 ug mL ') compared to 3 (ICso = 1.099 =+ 0.03 pg
mL ™) suggests that the flavanone moiety is critical for activity,
unlike the flavonol structure in 2. On the other hand, a m-
ethoxylated flavonol, compound 3, showed better activity than
2, with IC5o = 0.483 + 0.015 pg mL~ ', Importantly, the alkaloid
derivative, compound 5, demonstrated the most promising
anti-AChE activity (IC5o = 0.076 £ 0.002 pg mL™ "), which was
stronger than that of all other tested compounds and the
reference drug, donepezil (ICs, = 0.171 £ 0.005 pg mL ™).
Moreover, the other halogenated alkaloid derivative, compound
7, exhibited a remarkable anti-AChE activity with an ICs, value
of 0.607 & 0.02 pug mL™'. In contrast, compound 6 showed
a moderate activity with an ICs, value = 2.255 + 0.074 ug mL™ .

These findings highlight the critical role of the chlorine
moiety in enhancing anti-AChE activity, potentially due to the
increased lipophilicity provided by the chlorine atom.** Conse-
quently, the isolated secondary metabolites, particularly the
halogenated alkaloids from E. grusonii, emerge as promising
candidates for developing therapies for conditions including
myasthenia gravis, glaucoma, and post-operative ileus.

In silico studies and dynamic simulations

In silico screening using AutoDock Vina yielded predicted
binding affinities spanning from —6.5 to —8.9 kcal mol™* for
human AChE and from —6.2 to —9.0 for human [B-secretase
(Table 2). N-Chloromethyl hordenine (5) ranked the top-scoring
compound against AChE, while isokaempferide (3) ranked the
top-scoring compound against B-secretase.

The docking scores showed a good correlation with the in
vitro activities against AChE (R* = 0.78). Compounds such as N-
chloromethyl hordenine 5 and vomifoliol-9-O-B-p-glucopyrano-
side 4, both of which displayed low ICs, values, ranked among

Inhibitory activities of compounds (ICsg) against acetylcholinesterase (AChE) and B-secretase enzymes. All values are expressed in

Compound AChE (ug mL~" £ SD) B-Secretase (ug mL~" & SD)
Naringenin 1 0.212 £ 0.007 0.422 £+ 0.014

Kaempferol 2 1.099 £ 0.03 7.189 + 0.237
Isokaempferide 3 0.483 + 0.015 0.134 + 0.003
Vomifoliol-9-O-B-b-glucopyranoside 4 0.452 + 0.014 0.066 + 0.002
N-Chloromethyl hordenine 5 0.076 &+ 0.002 0.268 £+ 0.009

N-Acetyl hordenine 6 2.255 + 0.074 1.711 £ 0.056
N-Acetyl-N-chloromethyl-N-methyl tyramine 7 0.607 £ 0.02 0.12 & 0.004

Donepezil 0.171 + 0.005 —

Curcumin — 0.272 £ 0.009

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Docking scores (in kcal mol™) of the tested compounds
against human acetylcholinesterase (AChE) and B-secretase using
AutoDock Vina

Compound AChE B-Secretase
Naringenin 1 —8.0 —7.5
Kaempferol 2 -7.0 —6.2
Isokaempferide 3 —8.4 -9.0
Vomifoliol-9-O-B-p-glucopyranoside 4 —8.5 —8.8
N-Chloromethyl hordenine 5 —8.9 —8.7
N-Acetyl hordenine 6 —6.5 —7.1
N-Acetyl-N-chloromethyl-N-methyl tyramine 7 —8.2 —8.9
Donepezil —9.4 —
Curcumin — —8.6

the top docking hits (—8.9 and —8.5 kcal mol ', respectively).
This close agreement between the computational and experi-
mental data indicates that AutoDock Vina provided a reliable
ranking of ligands for AChE, which is consistent with the well-
defined and structurally rigid binding gorge of the enzyme.

For B-secretase, the correlation was more modest (R* = 0.62).
Potent inhibitors such as isokaempferide 3 and N-acetyl-N-
chloromethyl-N-methyl tyramine 7 achieved highly favourable
docking scores (—9.0 and —8.9 kcal mol "), which matched well
with their experimental potencies. Some deviations were
observed; for example, N-acetyl hordenine 6 exhibited relatively
weak inhibition in vitro yet was predicted to bind with
a moderately favourable score (—7.1 kcal mol™'). Such
discrepancies are expected given the flexible, solvent-exposed
active site of B-secretase, which is challenging to capture fully
with rigid docking.

Taken together, both docking and experimental data high-
lighted N-chloromethyl hordenine 5 and vomifoliol-9-O-3-p-
glucopyranoside 4 as the most promising AChE inhibitors,
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whereas isokaempferide 3 and N-acetyl-N-chloromethyl-N-
methyl tyramine 7 emerged as the leading candidates against -
secretase. On this basis, the best-scoring compound for each
enzyme was advanced to molecular dynamics (MD) simulations
and absolute binding free energy calculations in order to eval-
uate the stability and energetics of the ligand-enzyme
complexes under dynamic conditions.

Compound 5 (Fig. 3A) was stabilized primarily through
a strong m-cation interaction with Tyr-337, a key residue
responsible for recognition of cationic moieties, as well as
a hydrogen bond with Tyr-133 and an electrostatic contact with
Asp-74 at the peripheral anionic site. Additional hydrophobic
stabilization was contributed by Trp-86, Phe-338, and Tyr-341. In
contrast, compound 7 (Fig. 3B) retained the conserved m-cation
interaction with Tyr-337 and a hydrogen bond with Tyr-133, but it
lacked the electrostatic interaction with Asp-74, which reduced
its anchoring capacity. Its stabilization was therefore mainly
dependent on aromatic stacking with Trp-86 and surrounding
hydrophobic residues. The co-crystallized inhibitor (Fig. 3C) di-
splayed the canonical w—cation contact with Tyr-337, along with
hydrogen bonding to Phe-295, and strong hydrophobic packing
with Trp-86, Tyr-124, Phe-297, and Phe-338.

RMSD analysis across 200 ns (Fig. 3D) showed that
compound 5 maintained the most stable trajectory, equili-
brating after ~30 ns and remaining within 1.5-2.0 A. The co-
crystallized ligand exhibited slightly lower fluctuations (1.2-
1.6 A) consistent with its crystallographically validated pose. By
contrast, compound 7 displayed less stability, with RMSD
values frequently deviating beyond 2.0 A and larger fluctuations
over the course of the simulation, reflecting its weaker
anchoring within the active site.

The MM/PBSA free energy estimates supported these obser-
vations, giving binding energies of —9.6 kcal mol " for compound

C PHE295
"\ ’,/E U PME-338 ’Rt&
PN | //7 ® ?/ v
/ "“-(13 / \/‘/ ‘ . L}

TYR-337

{ TYR-341

——N-Chloromethyl Hordenine

100
Time (ns)

N-acetyl-N-chloromethyl-N-methyl tyramine

120 140 160 180 200

—Co-crystallized inhibitor

Fig. 3 The most populated binding pose of compound 5 (N-chloromethyl hordenine) and 7 (N-acetyl-N-chloromethyl-N-methyl tyramine)
extracted from the equilibrated MD trajectory (A and B, respectively) within the active site of human acetylcholinesterase (AChE) compared to the
co-crystallized inhibitor (C). (D) Root-mean-square deviation (RMSD) profiles of compound 5, 7 and the co-crystallized inhibitor over a 200 ns

simulation.
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5, —7.7 keal mol ™" for compound 7, and —9.1 kcal mol " for the
reference ligand. This confirmed that compound 7 binds favor-
ably but with reduced stability and affinity compared to
compound 5 and the co-crystallized inhibitor.

MD simulations of isokaempferide 3, N-acetyl-N-chloro-
methyl-N-methyl tyramine 7, and the co-crystallized inhibitor in
B-secretase revealed distinct binding modes.

Compound 3 (Fig. 4A) established a well-defined binding
pose, forming hydrogen bonds with Gly-74, Tyr-198, and Asp-
228, securely anchoring its flavonoid scaffold. Compound 7
(Fig. 4B) engaged fewer contacts, primarily a hydrogen bond
with Gly-74 and additional polar stabilization from Asp-228 but
did not form extensive anchoring interactions. The co-
crystallized inhibitor (Fig. 4C) displayed the expected triad of
hydrogen bonds with Asp-32, Gly-230, and Asp-228, together
with stabilization by Trp-115.

The RMSD trajectories over 200 ns (Fig. 4D) confirmed that
compound 3 equilibrated early and maintained RMSD values
between 1.5-2.2 A, indicating stable binding. The co-crystallized
inhibitor was slightly more rigid (1.2-1.8 A), while compound 7
showed greater fluctuations (1.7-2.8 A), consistent with a more
flexible and less stable pose.

Binding free energy calculations echoed these findings, with
MM/PBSA values of —8.3 kcal mol™' for compound 3,
—7.3 keal mol* for compound 7, and —8.4 kcal mol " for the

co-crystallized inhibitor. This suggest networks while
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compound 7 retains favourable binding to B-secretase, its
stability and interaction network are weaker than those of
compound 3 and the reference ligand.

Chemotaxonomic significance of alkaloids in Cactaceae

The Cactaceae family is a well-known source of diverse alka-
loids, primarily = phenethylamines and  1,2,3,4-tetra-
hydroisoquinolines, as comprehensively reviewed by Cassels
and colleagues in 2019.*" Within this chemotaxonomic frame-
work, simple phenethylamines such as hordenine, mescaline,
N-methyl mescaline, and candicine are recognized as classic
and widespread constituents. Moreover, numerous iso-
quinoline alkaloids, including anhalamine, anhalonidine, pel-
lotine, and lophophorine, have also been consistently
identified. These alkaloids are most prevalent in the Cactoideae
subfamily, with fewer occurrences reported in the Opuntioideae
and Pereskioideae.

In our study, the isolated hordenine derivatives from Echi-
nocactus grusonii fit this established phytochemical profile,
reinforcing shared biosynthetic pathways within the Cactoi-
deae. Of particular significance is the discovery of two rare,
halogenated alkaloids classified as chlorinated hordenine
derivatives. To the best of our knowledge, the presence of
a chlorine atom in this class of cactus alkaloids is exceptionally
rare, with no previous reports of such analogs within the Cac-
taceae family. This finding significantly expands the known

PHE‘IO%
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ASP-228

—Isokaempferide

N-acetyl-N-chloromethyl-N-methyl tyramine
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Fig. 4 The most populated binding pose of compound 3 (isokaempferide) and 7 (N-acetyl-N-chloromethyl-N-methyl tyramine) (A and B,
respectively) compared to the binding pose of the co-crystallized inhibitor (C). (D) Root-mean-square deviation (RMSD) profiles of both ligands

together with the co-crystallized inhibitor over a 200 ns simulation.

© 2025 The Author(s). Published by the Royal Society of Chemistry

RSC Adv, 2025, 15, 49178-49188 | 49185


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra07497e

Open Access Article. Published on 10 December 2025. Downloaded on 3/13/2026 3:11:42 PM.

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

(cc)

RSC Advances

chemical diversity of alkaloids in this family and suggests
a unique halogenation capability in E. grusonii. Therefore, this
work not only corroborates the expected alkaloid chemistry but
also highlights E. grusonii as a promising source of novel natural
products, underscoring the importance of investigating even
well-known plant families.

Conclusion

The present study deals with the isolation and structural char-
acterization of seven compounds from the stem part of E. gru-
sonii Hildm. The potential inhibitory activity of the isolated
compounds against B-secretase and AChE enzymes was evalu-
ated. Almost all isolated compounds revealed promising inhi-
bition activity against targeted enzymes, B-secretase and AChE.
Interestingly, the study revealed promising activity of alkaloid
derivatives, including N-chloromethyl hordenine 5, N-acetyl
hordenine 6, and N-acetyl-N-chloromethyl-N-methyl tyramine 7.
This study highlights chlorine-containing alkaloid scaffolds,
particularly hordenine derivatives, as promising candidates for
enhanced neuroprotective properties, underscoring the critical
role of a chlorine moiety in improving their efficacy. Addition-
ally, the significant anti-AChE potential of secondary metabo-
lites naringenin, isokaempferide, and vomifoliol-9-O-B-b-
glucopyranoside was demonstrated. The results of in silico
studies were greatly aligned with the in vitro results, revealing
that compounds 4 and 5 are promising AChE inhibitors, while
compounds 3, 4, and 7 are leading candidates against B-sec-
retase. Finally, our study identifies naringenin 1, iso-
kaempferide 3, N-chloromethyl hordenine 5 and N-acetyl-N-
chloromethyl-N-methyl tyramine 7, and vomifoliol-9-O-B-p-glu-
copyranoside 4, as effective lead compounds for the manage-
ment of multiple disorders. These findings need further in vivo
studies to validate these preliminary results.
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