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Abstract

The Myristicaceae family, particularly the Knema genus, is renowned for its diverse bioactive
compounds, including lignans, flavonoids, and phenolics. This study explores the
phytochemical profile of Knema hookeriana Warb. leaves and evaluates their potential as
acetylcholinesterase (AChE) inhibitors. Phytochemical extraction was performed using a cold
maceration method with a polarity-gradient solvent system (hexane, ethyl acetate, and
methanol). The isolated compounds were purified through chromatographic techniques and
structurally characterized using spectroscopic analyses (IR, NMR, and MS) alongside literature
comparison. AChE inhibitory activity was assessed using the Ellman method. Seven bioactive
compounds were successfully isolated: aptosimon (1), cubebin acetate (2), bicubebin A (3),
5,7-dimethoxyflavone (4), 4',5,7-trimethoxyflavone (5), luteolin (6), and epicatechin (7).
Among these, aptosimon (1) exhibited the most potent AChE inhibition, with an ICsg value of
60.8 pg/mL. Molecular docking studies corroborated the in vitro results, demonstrating strong
AChE binding affinities for the compounds, with aptosimon (1) showing favorable interactions.
These findings highlight the therapeutic potential of Knema species and their bioactive
compounds, paving the way for further research into their nutraceutical and pharmaceutical
applications, particularly in neurodegenerative disease management.
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1. Introduction

Acetylcholinesterase (AChE) is an essential enzyme that breaks down acetylcholine (ACh) into
choline and acetate, thereby regulating cholinergic neurotransmission. This enzymatic process is
crucial for normal synaptic function in the central and peripheral nervous systems. However,
excessive AChE activity results in rapid acetylcholine degradation, which can impair cognitive
function and contribute to neurodegenerative diseases such as Alzheimer’s disease (AD) and
Parkinson’s disease [1, 2]. As a result, AChE inhibitors (AChEls) have gained significant attention for
their potential to enhance cholinergic signaling and improve cognitive function [3]. Synthetic AChE
inhibitors, such as donepezil, rivastigmine, and galantamine, are widely used in treating AD. These
drugs work by inhibiting AChE, thereby increasing acetylcholine levels and improving memory and
cognition. However, their long-term use is often associated with side effects, including nausea,
vomiting, diarrhea, and hepatotoxicity. This has led researchers to explore natural AChE inhibitors
derived from plants, which may offer safer and more effective alternatives with fewer adverse
effects [4].

Phytochemicals, the bioactive compounds found in plants, have demonstrated promising AChE
inhibitory properties. Several classes of phytochemicals, including alkaloids, flavonoids, terpenoids,
lignans, and phenolics, have been reported to interact with AChE and modulate its activity [3].
Alkaloids such as galantamine and huperzine A are well-known natural AChE inhibitors approved for
clinical use [3, 5]. Flavonoids like luteolin, quercetin, and kaempferol exhibit AChE inhibitory effects
and neuroprotective benefits due to their antioxidant and anti-inflammatory properties. Similarly,
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terpenoids, including ginkgolides have been shown to enhance cognitive function by modulating
neurotransmitter activity [6]. Lignans, another important class of phytochemicals, are increasingly
being studied for their potential AChE inhibitory activity. Neolignans and other lignan derivatives,
found in medicinal plants such as Knema species, have demonstrated promising neuroprotective
effects [7]. Phenolic compounds, including tannins and phenolic acids, have also been shown to
inhibit AChE through interactions with the enzyme’s active and peripheral binding sites [8]. These
findings highlight the diverse chemical structures of plant-derived AChE inhibitors and their
potential therapeutic applications in neurodegenerative disorders.

In recent years, molecular docking studies have played a crucial role in the discovery and
characterization of AChE inhibitors from natural sources. Computational approaches such as
molecular docking and molecular dynamics simulations allow researchers to predict the binding
affinity, interaction sites, and inhibitory mechanisms of phytochemicals against AChE. These in silico
studies provide valuable insights into the structure-activity relationships (SARs) of plant-derived
compounds, guiding further experimental validation through in vitro and in vivo assays [9].

Despite the promising potential of plant-derived AChE inhibitors, several challenges remain.
Bioavailability, pharmacokinetics, and large-scale production must be addressed before these
compounds can be developed into viable drugs. Future research should focus on optimizing the
formulation and delivery of phytochemicals to enhance their therapeutic efficacy. Additionally,
integrating computational studies with experimental approaches will be crucial in advancing
phytochemical-based drug discovery [10]. Hence, phytochemicals offer a natural and potentially
safer alternative to synthetic AChE inhibitors. The continued exploration of plant-derived bioactive
compounds, particularly from the genus Knema, may lead to the discovery of novel AChE inhibitors
with improved safety and efficacy profiles.

The Myristicaceae family, a uniform group within the Magnoliales order, includes 23 genera and
520 species. Many species in this family are known for their traditional and medicinal applications
in Southeast Asia, particularly Malaysia and Indonesia [7]. The Knema genus is notably the third-
largest genus within the Asian Myristicaceae, comprising around sixty species in Southeast Asia.
Several Knema species are used in traditional medicine to address conditions like tumors, skin
irritation, wounds, inflammation, and digestive disorders.[8] Limited studies on the phytochemistry
of the Knema genus indicate the presence of various bioactive compounds such as alkyl and acyl
resorcinol derivatives of phenylalkylphenol, flavonoids, lignans, and stilbenes. These compounds
have demonstrated significant acetylcholinesterase inhibitory, cytotoxic, anti-inflammatory,
nematicidal, and antibacterial activities [9].

Knema hookeriana Warb., a tree species native to Indonesia, Malaysia, Singapore, and Thailand,
grows to a height of 15-20 meters with a trunk diameter of up to 50 cm. Its leaves are simple and
opposite, measuring 7-15 cm in length and 5-8 cm in width [10]. Traditionally, this plant has been
used to treat stomach aches, and its sap is utilized for dyeing nets and fabrics. Additionally, it serves
as a surface coating for preserving wooden, porcelain, and metallic items [11]. Research on K.
hookeriana has been limited, with only three studies investigating its anti-cholinesterase, anti-
nematodal, and anti-apoptotic properties. Phytochemical analyses have identified the presence of
acetophenones, anacardic acid, and cardanols [12]. Recently, we managed to report the chemical
composition, acetylcholinesterase inhibition and molecular docking studies of essential oil from this
species [13]. Given the documented acetylcholinesterase inhibitory activity of essential oils from K.
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hookeriana, it is hypothesized that the leaf extracts of this species contain bioactive compounds
capable of inhibiting AChE.

As a continuation study of this species, this study aims to assess the acetylcholinesterase
inhibitory activity of the isolated compounds from K. hookeriana leaf extracts against the
acetylcholinesterase enzyme. Furthermore, a molecular docking study was also conducted on the
isolated phytochemicals to explore their interactions with AChE-associated proteins and provide
insights into their potential mechanisms of action.

2. Materials and Methods
2.1 Plant Material

The leaves of K. hookeriana were collected from Behrang, Perak (with latitude 3°44'51.612"N
and longitude 101°27'19.9008"E at an elevation of 52 m above sea level) in October 2019 and
identified by a botanist, Dr. Shamsul Khamis from Universiti Kebangsaan Malaysia (UKM). The
voucher specimens (SK29/19) have been deposited at the UKMB Herbarium, UKM.

2.2 General Experimental Procedures

The cold extraction method was used to obtain the crude extract from the dried samples using
n-hexane, EtOAc, and MeOH, which yielded crude extracts in sufficient quantities for subsequent
chromatographic separation and spectroscopic analysis. Gravity column chromatography (CC) was
performed using Merck SiO, (70-230 Mesh). Thin layer chromatography (TLC) analysis was
conducted on 0.20 mm precoated silica gel aluminum sheets (Merck Kieselgel 60 F2s4). Preparative
thin layer chromatography (PTLC) was carried out using 1 mm thin glass plates of Merck SiO; 60 Fysa.
N-Hexane, EtOAc, DCM, CHCls, Et,0, and MeOH were used as solvent systems in chromatographic
methods. The spots on the TLC plate were detected under ultraviolet (UV) illumination at 254 nm
and 365 nm, followed by spraying with vanillin-sulfuric acid reagent. All reagents used in this study
were analytical and purchased from Sigma Aldrich. For structural elucidation, Infrared (IR)
Spectroscopy, Nuclear Magnetic Resonance (NMR) Spectroscopy, and Mass Spectrometry (MS)
analyses were performed. The IR spectrum was recorded using a Perkin Elmer Series 1600
spectrophotometer (KBr pellet for solid and NaCl discs for liquid samples) and a Perkin Elmer
Spectrum 100 FT-IR Spectrometer. 1D and 2D NMR spectra were obtained using a JEOL
Spectrometer (JNM-ECX-500), with chemical shifts reported in ppm. Residual solvents (CDCls and
MeOD) served as internal standards. Mass spectral data were acquired using Liquid
Chromatography Mass Spectrometry (Exactive, Thermo Fisher Scientific).

2.3 Extraction and Isolation

The crude extracts of n-hexane (12.6 g, 1.3%), EtOAc (32.7 g, 3.3%), and MeOH (33.8 g, 3.4%)
were produced. While the n-hexane extract was subjected to chromatography, it did not yield any
isolable pure compounds and was not pursued further. In contrast, the crude EtOAc extract (KHLE)
was chromatographed using a solvent system of n hexane:CHCl3:EtOAc, affording seventeen
fractions that were subsequently pooled based on their appearance, Rf values, and TLC profiles.
Purification of fraction KHLE A6 provided compound (1) (126 mg), while further processing of
fractions KHLE A7 and KHLE A1l yielded compound (2) (56 mg) and compound (3) (33 mg),

Page 4/21



OBM Neurobiology 2025; 9(2), d0i:10.21926/obm.neurobiol.2502286

respectively. Meanwhile, the crude MeOH extract (KHLM), enriched with more polar constituents
was subjected to CC using an eluent system of n hexane:CHCIl3:EtOAc:methanol. This procedure
yielded several fractions, which were pooled based on TLC analysis, and further purified to afford
compound (4) (87 mg) from fraction KHLM B3, compound (5) (100 mg) from fraction KHLM B4,
compound (6) (77 mg) from fraction KHLM B5, and compound (7) (61 mg) from fraction KHLM B6.

2.4 Spectral Data

Aptosimon (1): colorless crystalline solid (120.0 mg). *H NMR (CDCls, 500 MHz): § 3.52 (1H, m, H-
1), 5.26 (1H, d, J = 1.8 Hz, H-2), 3.44 (1H, dd, ) = 8.1, 2.8 Hz, H-5), 5.70 (1H, d, J = 1.8 Hz, H-6), 3.85
(1H, d, J = 4.3 Hz, H-8a), 3.50 (1H, dd, J = 7.5, 4.3 Hz, H-8b), 6.85 (1H, s, H-2'), 6.83 (1H, m, H-5'), 6.85
(1H, m, H-6'), 5.95 (2H, s, H-7'), 6.96 (1H, s, H-2"), 6.77 (1H, m, H-5"), 6.77 (1H, m, H-6""), 5.99 (2H,
s, H-7"). 3C NMR (CDCl3, 125 MHz): & 45.4 (C-1), 83.6 (C-2), 176.7 (C-4), 54.8 (C-5), 80.1 (C-6), 68.6
(C-8a/8b), 134.5 (C-1), 108.3 (C-2'), 148.1 (C-3'), 148.0 (C-4'), 106.0 (C-5'), 118.9 (C-6'), 101.3 (C-7),
129.7 (C-1"), 108.5 (C-2"), 147.5 (C-3"), 147.3 (C-4"), 105.5 (C-5"), 118.2 (C-6"), 101.1 (C-7"). MS m/z
391.28 [M + Na]*, C20H1606 [14].

Cubebin Acetate (2): Colorless crystalline solids (112 mg). *H NMR (CDCls, 500 MHz): & 6.67—6.62
(1H, m, H-2, H-5, H-6), 6.41-6.32 (1H, m, H-2', H-5', H-6'), 2.35 (2H, m, H-7), 2.04 (1H, m, H-8), 5.37
(1H, d, J =10.1 Hz, H-9), 2.37 (2H, m, H-7’), 2.39 (1H, m, H-8'), 3.82 (1H, t, ] = 8.2 Hz, H-9'), 3.99 (1H,
t, ) = 8.2 Hz, H-9'), 2.06 (1H, s, H-11), 5.94 (4H, s, OCH,0). 13C NMR (CDCls, 125 MHz): & 133.6 (C-1),
108.8 (C-2), 148.0 (C-3), 147.5 (C-4), 107.9 (C-5), 121.2 (C-6), 39.2 (C-7), 56.6 (C-8), 76.3 (C-9), 132.2
(C-1'), 107.3 (C-2’), 147.8 (C-3'), 145.8 (C-4'), 108.0 (C-5'), 121.3 (C-6), 40.5 (C-7'), 42.99 (C-8'), 72.0
(C-9'), 21.1 (C-11), 170.0 (C=0), 100.1 (OCH,0). MS m/z 414.41 [M]*, C22H220s [15].

Bicubebin A (3): White solid (56.0 mg). *H NMR (CDCls, 500 MHz): § 6.59 (1H, d, J = 1.5 Hz, H-2),
6.77-6.61 (1H, m, H-5), 6.77-6.61 (1H, m, H-6), 2.33 (1H, m, H-7), 2.53 (1H, m, H-7), 2.02-2.21 (1H,
m, H-8), 5.24 (1H, d, J = 1.4 Hz, H-9); 6.50-6.59 (1H, m, H-2'), 6.61 (1H, d, J = 7.9 Hz, H-5'), 6.50—6.59
(1H, m, H-6'), 2.56 (1H, m, H-7"), 2.73 (1H, m, H-7'), 2.01-2.20 (1H, m, H-8'), 4.13 (1H, t, J = 8.3 Hz,
H-9'), 3.93 (1H, t, J = 8.3 Hz, H-9'), 3.63 (1H, t, J = 8.4, 7.8 Hz, H-9'); 6.77—6.61 (1H, m, H-2"), 6.77—
6.61 (1H, m, H-5"), 6.77—6.61 (1H, m, H-6"), 2.36 (1H, m, H-7"), 2.53 (1H, m, H-7"), 2.02-2.21 (1H,
m, H-8"), 5.15 (1H, d, J = 1.4 Hz, H-9"); 6.39-6.42 (1H, m, H-2""), 6.60 (1H, d, J = 7.9 Hz, H-5""), 6.50—
6.59 (1H, m, H-6""), 2.56 (1H, m, H-7"") 2.73 (1H, m, H-7""), 2.01-2.20 (1H, m, H-8""), 4.03 (1H, t, J =
8.3 Hz, H-9'"), 3.81 (1H, t, J = 8.4, 7.8 Hz, H-9""), 3.40 (1H, t, J = 8.4, 7.8 Hz, H-9""), 5.95 (8H, s, 4 x
OCH;0). 3C NMR (CDCls, 125 MHz): 6 133.5 (C-1), 108.9 (C-2), 147.6 (C-3), 145.9 (C-4), 108.1 (C-5),
121.8 (C-6), 38.3 (C-7), 52.6 (C-8), 103.4 (C-9); 134.2 (C-1'), 108.8 (C-2'), 147.7 (C-3'), 145.8 (C-4'),
108.2 (C-5'), 121.2 (C-6'), 39.2 (C-7'), 45.7 (C-8'), 72.0 (C-9'); 133.3 (C-1"), 109.2 (C-2"), 147.7 (C-3"),
145.7 (C-4"), 108.0 (C-5"), 121.3 (C-6"), 39.0 (C-7"), 52.3 (C-8"), 104.2 (C-9"); 134.5 (C-1""), 109.3 (C-
2'"), 147.5 (C-3""), 145.7 (C-4'"), 108.6 (C-5"), 121.6 (C-6""), 33.6 (C-7"""), 43.5 (C-8'"), 72.5 (C-9""),
100.8 (4 x OCH,0). MS m/z 729.219 [M + CI]", CaoH3s011 [16].

5,7-Dimethoxyflavone (4): White solid (33.3 mg). *H NMR (CDCls, 500 MHz): § 3.99 (3H, s, 5-
OCH3s); 3.95 (3H, s, 7-OCH3s); 6.83 (1H, s, H-3); 6.62 (1H, d, J = 2.2 Hz, H-6); 6.42 (1H, d, J = 2.2 Hz, H-
8); 7.53 (3H, m, H-3', H-4', H-5); 7.92 (2H, m, H-2'/H-6). 3C NMR (CDCls, 125 MHz): § 107.9 (C-4a);
131.7 (C-1'); 160.1 (C-2); 161.0 (C-7); 160.1 (C-5); 164.8 (C-8a); 177.8 (C-4); 92.8 (C-6); 96.6 (C-8);
107.9 (C-3); 126.2 (C-2'/C-6'); 129.0 (C-3'/C-5"); 131.0 (C-4'); 56.5 (7-OCHs); 55.9 (5-OCHs). MS m/z
283.11 [M + H]+, C17H1404 [17].
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4',5,7-Trimethoxyflavone (5): Yellow crystalline needles (87.0 mg). *H NMR (CDCls, 500 MHz): &
6.69 (1H, s, H-3); 6.57 (1H, d, J = 2.1 Hz, H-6); 6.37 (1H, d, J = 2.1 Hz, H-8); 7.84 (1H, d, ) = 9.0 Hz, H-
2); 7.00 (1H, d, J = 9.0 Hz, H-3'); 7.00 (1H, d, J = 9.0 Hz, H-5'); 7.84 (1H, d, J = 9.0 Hz, H-6"); 3.95 (3H,
s, 5-OCHs); 3.91 (3H, s, 7-OCHs); 3.88 (3H, s, 4"-OCHs). 13C NMR (CDCls, 125 MHz): & 162.1 (C-2);
107.7 (C-3); 177.7 (C-4); 109.2 (C-4a); 160.9 (C-5); 92.3 (C-6); 163.9 (C-7); 96.1 (C-8); 159.8 (C-8a);
123.9 (C-1'); 127.6 (C-2'); 114.4 (C-3'); 159.8 (C-4'); 114.4 (C-5); 127.6 (C-6'); 55.5 (5-OCHs); 55.7 (7-
OCHs),' 56.3 (4'-OCH3). MS m/z 313.107 [|V| + H]+, C13H1505 [18].

Luteolin (6): White solid (61.0 mg). 'H NMR (CDCls, 500 MHz): 6 6.47 (1H, s, H-3); 5.99 (1H, d, J =
2.0 Hz, H-8); 6.24 (1H, d, J = 2.0 Hz, H-6); 7.31 (1H, d, J = 2.3 Hz, H-6'); 6.73 (1H, d, J = 8.1 Hz, H-6');
7.28 (1H, dd, J = 8.1, 2.3 Hz, H-5'). 13C NMR (CDCls, 125 MHz): 6 164.1 (C-2); 102.3 (C-3); 181.5 (C-4);
102.8 (C-4a); 161.8 (C-5); 100.1 (C-6); 161.8 (C-7); 94.8 (C-8); 158.0 (C-8a); 120.4 (C-1'); 112.8 (C-2');
146.9 (C-3'); 152.4 (C-4'); 116.3 (C-5'); 119.4 (C-6'). MS m/z 285.45 [M]*, C15H1406 [19].

Epicatechin (7): Yellow solid (77.0 mg). *H NMR (CDCls, 500 MHz): 6 4.62 (1H, d, J = 7.5 Hz, H-2),
3.96 (1H, m, H-3), 2.41 (2H, dd, J = 15.9, 8.4 Hz, H-4), 2.65 (2H, dd, J = 15.9, 5.4 Hz, H-4), 5.85 (1H, d,
J=1.8 Hz, H-6), 5.67 (1H, d, J = 1.8 Hz, H-8), 6.85 (1H, d, J = 1.5 Hz, H-2’), 6.61 (1H, d, J = 8.2 Hz, H-
5’), 6.62 (1H, d, J = 8.2 Hz, H-6'), 9.07 (1H, s, 5-OH), 8.85 (1H, s, 7-OH), 8.68 (1H, s, 3'-OH), 8.76 (1H,
s, 4"-OH). 13C NMR (CDCls, 125 MHz): 6 78.5 (C-2), 65.4 (C-3), 28.7 (C-4), 156.3 (C-5), 94.6 (C-6), 156.7
(C-7), 95.5 (C-8), 157.0 (C-9), 99.0 (C-10), 131.1 (C-1'), 115.2 (C-2'), 145.0 (C-3'), 144.9 (C-4'), 115.3
(C-5'), 118.4 (C-6"). MS m/z 219.20 [M + H]*, C15H1406 [20].

2.5 Acetylcholinesterase (AChE) Inhibitory Activity

The isolated compounds were evaluated for their acetylcholinesterase activity by assessing their
AChE inhibitory effects. The spectrophotometric method was used with modifications [21-23]. AChE
from Electrophorus electricus and acetylthiocholine iodide were used as substrates. The
acetylcholinesterase activity was determined using 5,5'-dithiobis (2-nitrobenzoic acid) (DTNB). In
brief, a 96-well microplate was used to combine 140 puL of sodium phosphate buffer (pH 8.0), 20 uL
of DTNB, 20 pL of compounds (at final concentrations of 5, 10, 25, 50, and 100 uM), and 20 L of
AChE (0.22 U/mL) solution. This mixture was incubated at 25°C for 15 min before adding 10 uL of
acetylthiocholine iodide to initiate the reaction. The hydrolysis of acetylthiocholine iodide was
measured by monitoring the formation of the yellow 5-thio-2-nitrobenzoate anion at 412 nm using
a 96-well microplate reader (Epoch Micro-Volume Spectrophotometer, USA). Ethanol (EtOH) was
used to dissolve the test compounds, and a blank sample containing only EtOH in phosphate buffer
(without compounds) served as the solvent control to correct for any effect of the solvent on
enzyme activity. The inhibition percentage (1%) of AChE was calculated by comparing the reaction
rates relative to the blank sample using the formula: 1% = [E - S/E] x 100; where E is the enzyme
activity without the test sample and S is the enzyme activity with the test sample. All tests were
carried out in triplicate, and ICsp values were reported as means * SD of triplicate. Galantamine was
used as positive control at Galantamine was used as a positive control at concentrations of 0.5, 1.0,
and 2.0 uM.

2.6 Molecular Docking and Toxicity Studies

The crystal structure of acetylcholinesterase (AChE) from Electrophorus electricus (PDB ID: 1C20)
[24] was retrieved from the RCSB Protein Data Bank (https://www.rcsb.org/). Hydrogen atoms were
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added into the enzyme structure using Biovia Discovery Studio [25]. A grid box was constructed to
encompass the entirety of the "active site gorge," which includes the catalytic triad (5203, E334, and
H447) as well as other crucial regions, as shown in Figure 1 [26]. The grid box was constructed using
AutoDockTools, with dimensions of 20 A x 20 A x 20 A and a grid spacing of 1 A.

W86 N

A/

Figure 1 Catalytic triads (red) and crucial regions of AChE of Electrophorus electricus:
peripheral anionic binding site (PAS) (Magenta), oxyanion hole (OAH) (Cyan), and acyl
binding site (ABS) (Orange).

The 3D structures of all isolated compounds were generated using GaussView 03 [27], followed
by energy minimization employing the semi-empirical Polak-Ribiere method using conjugate
gradients. These structures were subsequently converted into.pdb format using Biovia Discovery
Studio. A grid box, centered around the catalytic triad, was set up based on the docking validation
parameters using AutoGrid 4.2. The docking calculations were performed using AutoDock 4.2 [28],
wherein the enzyme was treated as rigid, while the ligand was allowed to move freely [29]. The
resulting protein-ligand complexes were visualized using Discovery Studio and Chimera X [25, 30].
Toxicity predictions were performed using the latest ProTox 3.0 platform, available at
https://tox.charite.de, which uses molecular similarity and machine learning to estimate multiple
toxicity endpoints [31].

3. Results and Discussion

Seven compounds (Figure 2) were successfully isolated from the leaf extract of K. hookeriana.
These compounds were identified as a furofuran lignan; aptosimon (1) as well as two other cubebin
typed lignan; cubebin acetate (2) and bicubebin A (3). In addition, two known methoxyflavones and
a hydroxyflavone were also identified, which are 5,7-dimethoxyflavone (4) and 4',5,7-
trimethoxyflavone (5), and luteolin (6) respectively. In addition, a flavonol; epicatechin (7) was also
isolated. These compounds' characterization and structural elucidations were established by
extensive spectroscopic data analysis and comparison with literature data [14-20, 32-36].
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OCH0 OH O

(4) (5) (6)

Figure 2 Chemical structures of isolated compounds from K. hookeriana.

Compound (1) was isolated from the EtOAc extract as a colorless crystalline solid. The 'H NMR
spectrum displayed signals consistent with a lignan structure. A multiplet at 6 3.52 integrated for
one proton was assigned to a methine proton (H-1) adjacent to an oxygen-bearing carbon. The
doublet at 6 5.26 (J = 1.8 Hz) was attributed to the methine proton (H-2) on the furan ring. The
methine protons at positions C-5 and C-6 appeared as a doublet of doublets at 6 3.44 (J = 8.1 and
2.8 Hz) and a doublet at & 5.70 (J = 1.8 Hz), respectively, indicating ether groups. Besides, two
methylene protons (H-8a and H-8b) were observed at 6 3.85 (J = 4.3 Hz) and 3.55 (J = 7.5 and 4.3
Hz), corresponding to methylene groups adjacent to aromatic rings. The aromatic region of the
spectrum revealed protons resonating between 6 6.77 (H-5"/H-6") and 6.96 (H-2"), consistent with
a conjugated aromatic system. In addition, singlet protons at 6 5.95 and 5.98 were attributed to
methylenedioxy groups on aromatic rings. The 3C NMR spectrum confirmed the presence of 24
carbon atoms. Key signals included 6 176.7 for the ester carbonyl carbon (C-4), 6 83.6 and 80.1 for
oxygenated methine carbons (C-2 and C-6), and 6 45.4 for the methine carbon (C-1). Aromatic
carbons resonated between § 105.5 (C-5") and 148.1 (C-3'), while the methylene carbons appeared
at 6 68.6 (C-8). In addition, the methylenedioxy carbons were observed at 6 101.1 and 101.3.

Compound (2) was isolated as a colorless crystalline solid from the MeOH extract. The 'H NMR
spectrum displayed multiplets signal for aromatic protons at 6 6.67—6.62 (H-2, H-5, H-6) and § 6.41—
6.32 (H-2', H-5', H-6'), consistent with two aromatic rings. Signals for benzylic methylene protons
(H-7, H-7') were observed at 6 2.35 and 6 2.37, while signals at & 2.04 (H-8) and 2.39 (H-8)
corresponded to adjacent methylene groups. The methine proton of the hemiacetal group (H-9)
resonated as a doublet at & 5.37 (J = 10.1 Hz). In contrast, the diastereotopic protons of the
methyleneoxy group (H-9') appeared as a triplet at & 3.82 (J = 8.2 Hz) and 3.99 (J = 8.2 Hz).
Additionally, a singlet at § 2.06 was attributed to the acetate methyl group (C-11). The 3C NMR
spectrum confirmed the presence of 22 carbon atoms, including two methyleneoxy carbons (6
100.1), aromatic carbons (6 107.3—-148.0), and a carbonyl carbon of the acetate group (6 170.0). The
benzylic carbons (C-7/C-7') resonated at 6 39.2 and 40.5, while the carbons for the methyleneoxy
protons (C-9') appeared at 6 72.0.
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Compound (3) was isolated as a white solid from the EtOAc extract. It represents a lignan-type
molecule with a symmetrical dicubebin framework, characterized by its methylenedioxy and
aromatic substitution patterns. The *H NMR spectrum provided detailed insights into its proton
environment. The aromatic protons appeared as multiplets between & 6.50-6.59 (H-2'), with a
prominent doublet at § 6.59 (J = 1.5 Hz) assigned to H-2. The multiplet signals at 6 6.61-6.77
corresponded to H-5 and H-6, confirming a substituted aromatic ring. The B-ring protons mirrored
these patterns, reflecting the compound's symmetrical structure. In the aliphatic region, multiplet
signals at & 2.33 and 2.53 were attributed to H-7, while another broad multiplet at 6§ 2.02-2.21
corresponds to H-8. The oxygenated methine proton at § 5.24 (d, J = 1.4 Hz) was characteristic of H-
9, the other methine proton at 6 5.15 (d, J = 1.4 Hz) was characteristic of H-9", indicative of the
ether bridge connecting the two cubebin units. The methylenedioxy protons were observed as
singlets at & 5.95, correlating to their attachment to aromatic carbons. The 3C NMR spectrum
revealed 40 carbon signals, consistent with the symmetrical dicubebin framework. The aromatic
carbons displayed characteristic shifts between 6 133.5 (C-1) and 147.7 (C-3'), with § 108.0 (C-5")
and 108.9 (C-2) assigned to carbons directly bonded to methylenedioxy groups. The methylenedioxy
carbons appeared at 6 100.8, confirming their presence in the structure. Besides, the oxygenated
methine carbons (C-9) resonated at 6 103.4, while the methylene carbons were observed at § 38.3
(C-7) and 52.6 (C-8), respectively.

Compound (4) afforded a white crystalline solid from EtOAc extract. The *H NMR spectrum
showed two singlet signals at 6 3.99 and 3.95, corresponding to methoxyl groups at positions C-5
and C-7, respectively. A singlet signal at 6 6.83 was attributed to H-3. Two meta-coupled doublets
at 6 6.42 and 6.62 (J = 2.2 Hz) corresponded to H-8 and H-6 of ring A, respectively. The aromatic
protons of ring B appeared as a multiplet at § 7.53 (three protons, H-3', H-4', and H-5’) and § 7.92
(H-2'/H-6"). The 3C NMR spectrum confirmed the presence of 17 carbon atoms. The DEPT spectrum
further classified them into seven quaternary carbons, eight methine carbons, and two methoxy
carbons.

Compound (5) was isolated as yellow crystalline needles from the MeOH extract. The *H NMR
spectrum closely resembled the *H NMR spectrum of compound (4) except for three methoxyl
groups at 6 3.95, 3.91, and 3.88. Instead of a monosubstituted aromatic signal, this compound
displayed signals for a para-disubstituted moiety. These signals were observed at 6 7.00 and 7.84
(2H, d, J = 9.0 Hz) attributed to H-3’/H-5" and H-2’/H-6’ of ring B of a flavonoid system. The 3*C NMR
spectrum showed the presence of eighteen signals attributed to eighteen carbons. The spectrum
was similar to compound (4) with an additional primary carbon at C-4' (§ 56.3) attributed to a
methoxyl carbon. The DEPT spectrum provided a clear differentiation between protonated and
guaternary carbons. The methoxy carbons and the C-3 proton were confirmed as CHz and CH groups,
respectively, while the absence of proton signals on the substituted carbons validated the
placement of methoxy groups.

Compound (6) was obtained as a white solid from the MeOH extract. The *H NMR spectrum
displayed well-defined proton signals consistent with the flavonoid framework. On the A-ring, two
doubles at 6 5.99 (1H, d, J = 2.0 Hz, H-6) and 6.24 (1H, d, J = 2.0 Hz, H-8) represented meta-coupled
aromatic protons. The chemical shifts of these protons were slightly downfield due to the influence
of the hydroxyl group at C-5 and the conjugated carbonyl group at C-4. The singlet at § 6.47
corresponded to H-3, located within the pyranone ring. In addition, for the B-ring, the ABX spin
system was evident, with § 7.31 (d, J = 2.3 Hz, H-2'), 6.73 (d, J = 8.1 Hz, H-5'), and 7.28 (dd, J = 8.1,
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2.3 Hz, H-6'). This splitting pattern indicated ortho and meta couplings consistent with the
substitution pattern of hydroxyl groups at C-3' and C-4'. The 3C NMR spectrum revealed the
presence of 15 distinct carbon resonances, which were categorized as one carbonyl carbon, six
methine carbons, and eight quaternary carbons, consistent with the flavonoid structure.

Compound (7) was isolated as a yellow solid from the MeOH extract. The *H NMR spectrum
revealed a distinctive set of signals corresponding to aliphatic and aromatic protons. In the aliphatic
region, H-4 protons appeared as a pair of double doublets at 6 2.41 (J = 15.9, 8.4 Hz, H-4a) and &
2.65 (J = 15.9, 5.4 Hz, H-4b), confirming the presence of a methylene group adjacent to the C-3
hydroxyl group. The methine proton H-3 resonated at & 3.96 as a multiplet, consistent with its
location in the heterocyclic ring. Another methine proton, H-2 appeared as a doublet at 6 4.62 (J =
7.5 Hz), suggesting its attachment to a hydroxylated chiral center. In the aromatic region, H-6 and
H-8 protons from the A-ring resonated as doublets at 6 5.85 (J = 1.8 Hz) and &§ 5.67 (J = 1.8 Hz),
respectively. Their meta-coupling pattern confirmed their positions on the A-ring, flanked by
hydroxylated quaternary carbons. The B-ring protons exhibited a characteristic ABX coupling system,
with H-5" appearing at 6 6.61 (J = 8.2 Hz), H-6" at § 6.62 (J = 8.2 Hz), and H-2' at 6 6.85 (J = 1.5 Hz),
all observed as doublets. These patterns corroborate the 1,3,4-trihydroxylated substitution on the
B-ring. The 3C NMR spectrum revealed 15 distinct carbon signals, displaying characteristic signals
for aromatic, aliphatic, and oxygenated carbons typical of flavan-3-ol derivatives.

The tested compounds showed moderate to weak AChE inhibition, with an ICsp value of 60.8 to
102.9 pM. Galantamine, a well-established AChE inhibitor, exhibited an ICso value of 0.5 uM. The
results are shown in Table 1. Among the tested compounds, aptosimon (1) displayed the strongest
AChE inhibition with an ICsp value of 60.8 uM. In addition, 4',5,7-trimethoxyflavone (5) displayed
convincing AChE inhibition with an I1Csg value of 69.2 uM, followed by 5,7-dimethoxyflavone (4) (ICso
value of 78.4 uM). The relatively higher activity of compound 5 compared to 4 suggests that
additional methoxy substitution at the 4' position enhances AChE inhibition, possibly due to
increased lipophilicity and better interaction with the enzyme's active site. Bicubebin A (3) (ICso
value of 85.2 uM) and luteolin (6) (ICso value of 89.5 uM) exhibited moderate inhibition, while
epicatechin (7) (ICso value of 95.6 uM) and cubebin acetate (2) (ICso value of 102.9 uM) showed
weaker activity. The lower potency of these compounds could be attributed to structural features
that may limit their binding efficiency to the AChE active site. Galantamine, a well-established AChE
inhibitor, exhibited significantly higher potency (ICso value of 0.5 uM) than all the tested compounds.
This dramatic difference highlights the need for further structural modifications to enhance the
AChE inhibitory activity of flavones and lignans. Although compounds 1, 4 and 5 showed relatively
better inhibition among the tested molecules, they are still far less potent than galantamine,
indicating that additional optimization is necessary for therapeutic applications.
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Table 1 Acetylcholinesterase activity of isolated compounds.

Compounds ICs0 value (LM)
Aptosimon (1) 60.8

Cubebin acetate (2) 102.9
Bicubebin A (3) 85.2

5,7-Dimethoxyflavone (4) 78.4
4',5,7-Trimethoxyflavone (5) 69.2

Luteolin (6) 99.5
Epicatechin (7) 95.6
Galantamine 0.5

Molecular docking studies provide insight into the binding affinity of various compounds toward
AChE, with more negative binding energies (kcal/mol) indicating stronger interactions. Table 2
shows the docking scores of isolated compounds and the reference inhibitor. Molecular docking
analysis was conducted to gain insight into the binding interactions of the isolated compounds with
acetylcholinesterase (AChE). The docking scores, which reflect the binding free energy, ranged from
-8.0 to -10.2 kcal/mol, indicating favorable ligand-protein interactions (Table 3).

Table 2 Docking scores of isolated compounds and reference inhibitors.

Compounds AChE (kcal/mol)
Aptosimon (1) 9.4

Cubebin acetate (2) -10.2

Bicubebin A (3) -10.0

5,7-Dimethoxyflavone (4) -8.7
4',5,7-Trimethoxyflavone (5) -8.5

Luteolin (6) -9.2
Epicatechin (7) -8.0
Galantamine -7.8
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Table 3 Docking scores and critical protein-ligand interactions between AChE and compounds.

Compounds AChE Hydrogen Van der Pi-Pi Pi- 3D structure 2D structure
(kcal/mol) bond Waals Alkyl
Aptosimon (1) 9.4 Y337, D74, G121, Y124, Y72, 4 .
F295, $125,F297, Y342  W286 j e .
R296 $293, 1294, Y
® o, &
1289, G342 °0, 0 0,
R296 :oﬂoc. 2
"""_.; ® e ¥72
L
Cubebin acetate (2) -10.2 F295 D74, W86, Y72,  H447 .. P
~ w286 s
G120, G121, W28, | @(8 | e ® Laso
G122,Y124, Y337 ) \ . o0 ‘
E202, S203, / . e e ' .
Ha47 /5’."’ e oe
L289, S293, T eet ®
1294, F338, s 4 *e®oe
Y341, G448 F29 *ets
> @ o @

Pi-Alkyl i
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Bicubebin A (3) -10.0 F295 Y72, D74, R124,
L76, G121, W286,
G122,S5125, R341
S293, 1294,
F295, F338,
V340, G342

5,7-Dimethoxyflavone (4)  -8.7 Y124 D74, N87, Y337,
P88, G121, F338
S125, Y133,
E202, 5203,
W286, 1294,
F295, F297,
Y341, H447,
G448, 1451

4',5,7-Trimethoxyflavone -8.5 Y124, D74, N87, Y337,
(5) S203 G121, G122, F338
S$125, Y133,
E202, S293,
F295, R296,
F297,Y341,
H447, G448,
1451
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Luteolin (6) -9.2 G122, W86, G120,
S203, G121, A204,

S293, W286, 1294,

Y337 F295, R296,

F338, H447

Epicatechin (7) -8.0 Y124, Y72, D74,
5293 L289, E291,
E292, 1294,
F295, F297,
Y337, F338

Galantamine -7.8 Y72 D74, L76,

Y124, L289,
$293, 1294,
F295, R296,
F297, Y337,

F338, G342

Y124,
F297,
Y341

W286,
Y341

W286,
Y341

¢ ® @
..ﬁ;,;_‘zs\.xx‘, °
o, . il e
w3
o o
® @
4 |~ g oot epi
4 ol 286 —

'« Y124~ L rase wes ®
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These interactions were further analyzed by identifying key hydrogen bonds, van der Waals
forces, m-nt stacking, and m-alkyl interactions within the active site of AChE. A peripheral anionic
binding site (PAS) was identified near the entrance of the active site gorge. The active site of AChE
consists of an esteratic site (ES) at the base of the gorge, which harbours the catalytic triad, an
oxyanion hole (OAH) that stabilizes the tetrahedral intermediate during the interaction with the
carbamate carbonyl group, and an acyl binding site (ABS) that accommodates the acetyl group of
acetylcholine (ACh) or potentially the alkyl group of alternative inhibitors [37]. To inhibit enzyme
activity, low binding energy is required to activate the protein-ligand interaction, which results in
tightening the enzyme-inhibitor complexation pocket [38].

Among the tested compounds, cubebin acetate (2) exhibited the most favorable binding energy
(-10.2 kcal/mol), followed by bicubebin A (3) (-10.0 kcal/mol) and aptosimon (1) (-9.4 kcal/mol).
These three compounds demonstrated strong interactions within the active site of AChE, forming
extensive van der Waals interactions and hydrogen bonding with key catalytic residues such as F295,
G121, S125, and Y124. Notably, aptosimon (1) also engaged in m-t stacking interactions with Y124
and Y342, which may contribute to its stable binding. Interestingly, the in vitro AChE inhibition
results revealed that aptosimon (1) exhibited the highest inhibitory activity (ICsp = 60.8 uM), even
though its docking score was slightly lower than that of cubebin acetate (2) and bicubebin A (3). This
suggests that while docking scores provide insight into binding affinity, additional factors such as
solubility, bioavailability, and molecular flexibility may influence the inhibitory potential. The strong
in vitro activity of aptosimon (1) could be attributed to its optimal interaction within the active site,
allowing effective inhibition of AChE function.

The flavonoid derivatives, including 5,7-dimethoxyflavone (4), 4',5,7-trimethoxyflavone (5),
luteolin (6), and epicatechin (7), exhibited moderate docking scores (-8.0 to -9.2 kcal/mol). Their
interactions were characterized by hydrogen bonding with key catalytic residues and mt-mt stacking
with aromatic residues (F297, Y341, Y337). The methoxy (-OCHs) groups in flavones 4 and 5
contributed to hydrophobic interactions, while hydroxyl (-OH) groups in luteolin and epicatechin
facilitated additional hydrogen bonding, which may enhance binding stability. These docking results
correlate well with the in vitro AChE inhibition data, particularly for aptosimon (1), which exhibited
strong binding affinity and enzyme inhibition. These findings highlight the potential of these
compounds as promising AChE inhibitors, warranting further investigation.

In addition to that, Toxicity prediction was conducted using the ProTox 3.0 platform. As described
in [31], the platform employs molecular similarity, pharmacophore analysis, fragment propensity
assessments, and machine learning models to predict a wide array of toxicity endpoints. These
include acute oral toxicity (reported as predicted LDso values), organ toxicities (such as
hepatotoxicity), various toxic endpoints (carcinogenicity, immunotoxicity, mutagenicity,
cytotoxicity), molecular initiating events (for example, acetylcholinesterase inhibition), and more.
Each endpoint is reported with a confidence score and graphical output (radar or network plots)
that facilitates an integrated understanding of a compound’s safety profile.

When applied to the compounds under investigation, the ProTox 3.0 predictions reveal subtle
yet essential differences driven by the molecular structure. Compounds like Aptosimon (1), Cubebin
acetate B (2), and Bicubebin A (3), stemming from lignan scaffolds tend to demonstrate moderate
signals for carcinogenicity and strong signals for immunotoxicity. In contrast, natural flavonoids such
as luteolin and epicatechin are uniformly predicted as non-hepatotoxic, non-mutagenic, and non-
cytotoxic, though luteolin shows a moderate potential for carcinogenicity. Meanwhile, the

Page 15/21



OBM Neurobiology 2025; 9(2), d0i:10.21926/obm.neurobiol.2502286

predictions for the flavonoid derivatives highlight the profound impact of minor structural
modifications. The case of 5,7-dimethoxyflavone (4) shows a borderline active prediction for
acetylcholinesterase inhibition alongside inactive predictions for most other toxicity endpoints.

For 4',5,7-trimethoxyflavone (5), ProTox 3.0 still predicts a benign hepatotoxicity profile (with
low probability for liver injury) and confirms a non-cytotoxic and non-immunotoxic behavior.
However, like many methoxy-substituted flavonoids, its carcinogenicity endpoint reaches a
borderline active status, suggesting that while overall safety may be high, there exists a moderate
risk signal that warrants further experimental validation. Moreover, its AChE inhibition potential
hovers near the borderline between active and inactive predictions. It underscores that even subtle
modifications, such as adding an extra methoxy group, can impact key molecular interactions with
biological targets. Table 4 shows the toxicity results of the compounds.
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Table 4 Toxicity results of the isolated compounds.

Compound Hepatotoxicity Carcinogenicity Immunotoxicity Mutagenicity Cytotoxicity AChE Inhibition
Aptosimon (1) Inactive Active Active Inactive Inactive Inactive
P (Prob. 0.78) (Prob. 0.68) (Prob. 0.92) (Prob. 0.61) (Prob. 0.88) (Prob. 0.61)
Cubebin acetate (2) Inactive Active Active Inactive Inactive Inactive
(Prob. 0.82) (Prob. 0.57) (Prob. 0.96) (Prob. 0.57) (Prob. 0.98) (Prob. 0.53)
. . Inactive Active Active Inactive Inactive Inactive
Bicubebin A (3)
(Prob. 0.84) (Prob. 0.63) (Prob. 0.97) (Prob. 0.60) (Prob. 0.96) (Prob. 0.56)
5,7-Dimethoxyflavone (4) Inactive Active Inactive Inactive Inactive Active
’ (Prob. 0.73) (Prob. 0.56) (Prob. 0.85) (Prob. 0.51) (Prob. 0.57) (Prob. 0.50)
4',5,7-Trimethoxyflavone (5) Inactive Active Inactive Active Inactive Inactive
"~ (Prob. 0.72) (Prob. 0.53) (Prob. 0.67) (Prob.0.56)  (Prob. 0.52) (Prob.0.72)
. Inactive Active Inactive Active Inactive Inactive
Luteolin (6)
(Prob. 0.69) (Prob. 0.68) (Prob. 0.97) (Prob. 0.51) (Prob.0.99) (Prob. 0.69)
. . Inactive Inactive Inactive Inactive Inactive Inactive
Epicatechin (7)
(Prob. 0.72) (Prob. 0.51) (Prob. 0.96) (Prob. 0.55) (Prob. 0.84) (Prob.0.72)
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Collectively, the ProTox 3.0 predictions across the compound series highlight the sensitivity of in
silico models to even subtle structural variations. Natural flavonoids, such as luteolin and
epicatechin, were predicted to exhibit relatively benign toxicity profiles, with low probabilities for
hepatotoxicity, mutagenicity, immunotoxicity, and cytotoxicity. In contrast, lignan derivatives and
methoxy-substituted flavonoids, including aptosimon (1), cubebin acetate (2), bicubebin A (3), 5,7-
dimethoxyflavone (4), and 4',5,7-trimethoxyflavone (5), demonstrated signals for immunotoxicity
and carcinogenicity, which warrant further experimental scrutiny.

4. Conclusions

In this study, seven bioactive compounds were successfully isolated from the leaf extract of K.
hookeriana, including a furofuran lignan, two cubebin-type lignans, two methoxyflavones, a
hydroxyflavone, and a flavonol. Among these, aptosimon (1) exhibited the most potent AChE
inhibitory activity, highlighting its potential as a lead compound for neurodegenerative drug
discovery. The molecular docking analysis further supported the in vitro findings, demonstrating
strong binding interactions between the isolated compounds and AChE, particularly through
hydrogen bonding, van der Waals forces, and m-mt stacking interactions. The significant inhibitory
activity observed for aptosimon (1), cubebin acetate (2), and bicubebin A (3) suggests that lignan
derivatives from K. hookeriana could serve as promising candidates for acetylcholinesterase
inhibition. These results underscore the potential of Knema species as a valuable source of bioactive
natural products with neuroprotective properties. However, further studies, including molecular
dynamics simulations and in vivo evaluations, are essential to confirm the stability, bioavailability,
and therapeutic efficacy of these compounds. Future research should explore semi-synthetic
modifications to improve pharmacokinetics and conduct thorough toxicological assessments to
ensure safety. This study enhances the understanding of natural acetylcholinesterase inhibitors,
supporting the development of new treatments for neurodegenerative diseases like Alzheimer’s.
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