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Abstract

Artemisia campestris is a medicinal plant species endemic to Algeria, particularly abun-
dant in the southern regions and the central Sahara. Its long-standing use in traditional
medicine has recently gained scientific attention, prompting further investigation into
its bioactive potential. This study focuses on the phytochemical composition and bio-
logical activity of its hydromethanolic extract, with a particular emphasis on its ability
to inhibit neural enzymes associated with insect physiology with particular relevance
to Aphis gossypii (Glover), a major polyphagous agricultural pest. Preliminary screening
revealed a diverse array of secondary metabolites, including tannins (catechic and gallic),
flavonoids, quinones, glycosides, terpenoids, saponins, coumarins, and alkaloids; however,
anthocyanins were not detected. Quantitative analysis confirmed high concentrations of
total phenolics (80.91 + 1.58 mg GAE/g), flavonoids (60.45 £ 2.02 mg RE/g), phenolic
acids (4.24 £ 0.38 mg CAE/g), and condensed tannins (2.26 & 0.29 mg CE/g). Enzyme
inhibition assays were performed using Ellman’s method, and ICsy values were calculated
by nonlinear regression analysis based on dose-response curves. The extract demonstrated
significant in vitro inhibitory activity against acetylcholinesterase (AChE) and butyryl-
cholinesterase (BChE), with ICsg values of 13.79 £ 0.79 pg/mL and 8.34 &+ 0.58 ug/mL,
respectively. Molecular docking analyses further confirmed strong binding affinities of
cyanidin-3-O-glucoside, malvidin-3-O-glucoside, and apigenin (—8.20 to —8.50 kcal/mol)
with the AChE active site, stabilized by hydrogen bonding and 7—m interactions with
key residues. These results were benchmarked against galantamine, a reference inhibitor,
which exhibited ICsg values of 1.50 & 0.12 pg/mL under the same conditions. Although
galantamine showed superior potency, the relatively low ICsy values of the A. campestris
extract support its potential as a natural cholinesterase-inhibitory agent warranting further

investigation. These findings suggest that A. campestris may represent a promising source
W) Check for updates & & 88 p y rep p g

of natural cholinesterase inhibitors with potential relevance for eco-friendly insect control.
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1. Introduction

Global pest management continues to rely heavily on synthetic insecticides such as
organophosphates, carbamates, pyrethroids, and neonicotinoids. Although highly effective,
these compounds primarily target the insect nervous system and have raised increasing
concerns regarding insect resistance, environmental persistence, contamination, and tox-
icity toward non-target organisms, including beneficial insects and humans [1-5]. The
growing resistance observed in major agricultural pests and disease vectors has reduced
the long-term efficacy of these compounds and intensified the search for safer, selective, and
sustainable alternatives [6-8]. In this context, plant-derived biopesticides have gained con-
siderable attention because of their natural origin, rapid biodegradability, and compatibility
with integrated pest management strategies.

Phytopesticides represent a rich source of biologically active secondary metabolites,
including terpenes, alkaloids, flavonoids, polyphenols, and acetylenic compounds, many
of which exhibit insecticidal, repellent, growth-disrupting, or antifeedant activities [3-5].
Their generally low environmental persistence and reduced toxicity to mammals make
them promising alternatives to conventional synthetic pesticides. Beyond direct toxicity,
many plant-derived compounds exert neurotoxic effects through interference with insect
neurotransmission pathways.

The biological relevance of these plants is further strengthened by the nature of the
target insect considered in this study, Aphis gossypii (Glover), commonly known as the
cotton aphid [9]. This species is a highly polyphagous and economically important sap-
sucking pest that affects a wide range of crops, including cotton, cucurbits, citrus, and many
greenhouse vegetables [10]. It causes direct damage by feeding on phloem sap, leading to
leaf curling, chlorosis, and plant growth reduction, and indirect damage by transmitting
plant viruses [11]. In addition, its high reproductive rate and ability to rapidly develop
resistance to conventional insecticides make it one of the most challenging agricultural
pests worldwide, reinforcing the need for alternative and sustainable control strategies [12].

Among the known molecular targets, acetylcholinesterase (AChE) is one of the most
important enzymes involved in insect nervous system function. It regulates the hydrolysis
of acetylcholine at synaptic junctions, and its inhibition leads to neurotransmitter accu-
mulation, overstimulation of nerve cells, paralysis, and ultimately insect death [1,13]. For
this reason, AChE remains a well-established biochemical target in both synthetic and
natural insecticide development [1,13]. In addition, esterases such as butyrylesterase and
carboxylesterase are involved in xenobiotic detoxification and may contribute to insect
metabolic resistance, making them relevant complementary targets when evaluating the
bioactivity and mode of action of botanical extracts [7,14].

Within this context, the genus Artemisia (Asteraceae) represents one of the most widely
studied medicinal and aromatic plant groups due to its rich diversity of bioactive sec-
ondary metabolites and its long-standing use in traditional medicine. Species within this
genus are particularly known for producing terpenoids, flavonoids, phenolic acids, and
acetylene derivatives with documented antimicrobial, antioxidant, and insecticidal activi-
ties [15,16]. Among them, Artemisia campestris is a perennial aromatic shrub, grows in dry
sandy soils and steppe habitats and is characterized by deeply divided leaves, yellowish
inflorescences, and a strong aromatic odor resulting from its rich essential oil composition
and it is a widely distributed species in North Africa, especially in arid and semi-arid
regions, which has attracted increasing scientific interest due to its chemical diversity and
biological potential [17]. Previous studies reported that its essential oils and extracts exhibit
significant insecticidal activity against mosquito larvae and agricultural pests, highlighting
its relevance as a promising botanical resource for pest control [18,19].
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The choice of hydromethanolic extraction is based on its ability to extract a wide
range of polar and moderately non-polar phytochemicals, including phenolics, flavonoids,
glycosides, and alkaloids [20].

Despite increasing evidence supporting the biological and insecticidal potential of
Artemisia species, most previous studies have focused primarily on essential oils, while
the biological activity of hydromethanolic extracts remains comparatively underexplored.
More importantly, the relationship between phytochemical composition, cholinesterase
inhibition, and the underlying molecular mechanisms involved remains insufficiently
characterized. A better understanding of these interactions is essential to support the
development of effective and selective plant-based insecticides.

Therefore, the present study investigates evaluates the in vitro cholinesterase in-
hibitory activity of the hydromethanolic extract of A. campestris using A. gossypii’s AChE as
a molecular docking alternative to synthetic insecticides. Specifically, the study assesses its
in vitro inhibitory effects target insect, on acetylcholinesterase as the principal neurotoxic
target and on butyrylesterase as a complementary enzymatic marker, and explores the
relationship between enzymatic inhibition and the observed insecticidal effects. In addition,
molecular docking analysis was performed to characterize the interactions between major
phytochemical constituents and the target enzymes, providing mechanistic insight into
the mode of action of the extract at the molecular level. By integrating in vitro enzymatic
evaluation and in silico molecular interaction analysis, this work provides a mechanistic
and biochemical rationale warranting future in vivo bioassay validation.

2. Materials and Methods
2.1. Extraction

Aerial parts of A. campestris were collected during the flowering period (spring season,
April 2025) from natural populations in the Ouargla region (Southeastern Algeria; arid
Sahara zone). A total of approximately 10 individual plants were randomly selected from
different sites within the population to ensure representative sampling. The plant material
was taxonomically identified and authenticated, and a voucher specimen was deposited at
the Phoenix Herbarium of the Laboratory of Phoeniciculture Research, University of Kasdi
Merbah (Ouargla, Algeria).

The collected material was air-dried under shade at room temperature for approxi-
mately three weeks, then ground into a fine powder using a laboratory grinder (standard
analytical mill) and stored in airtight glass containers until extraction.

For extraction, 50 g of powdered plant material was macerated in 500 mL of hydro-
methanolic solvent (methanol: distilled water, 80:20 v/v) at room temperature for 24 h with
occasional stirring. The procedure was repeated three times to maximize phytochemical
recovery. The combined extracts were filtered and concentrated under reduced pressure
using a rotary evaporator (standard laboratory rotary evaporator), followed by freeze-
drying of the aqueous residue using a lyophilizer (standard freeze-dryer). The resulting
crude extract was stored at 4 °C until further analysis.

2.2. Phytochemical Analysis

The hydromethanolic extract was profiled both qualitatively and quantitatively. Initial
phytochemical screening was performed using standard reagent tests to detect major sec-
ondary metabolite classes (tannins, flavonoids, alkaloids, terpenoids, saponins, coumarins,
quinones, and glycosides) via characteristic colour or precipitate reactions [21-24].

Quantification was conducted using spectrophotometric assays: total phenolic content
was determined by the Folin—Ciocalteu assay (expressed as mg gallic acid equivalents
(GAE)/g) [21].
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Flavonoids by a colourimetric method (expressed as mg rutin equivalents (RE)/g)
adapted from Kim et al. [22].

Phenolic acids by the Arnow procedure (expressed as mg caffeic acid equivalents
(CAE)/g) [23], and condensed tannins via the vanillin-HC] test (expressed as mg cat-
echin equivalents (CE)/g) [24]. All assays were calibrated against their respective
appropriate standards.

2.3. Biological Activity (AChE & BChE Inhibition)

The inhibitory activities of A. campestris hydromethanolic extract against acetyl-
cholinesterase (AChE) and butyrylcholinesterase (BChE) were evaluated using the Acetyl-
cholinesterase Inhibitor Screening Kit (Cat. No. MAK324, Sigma-Aldrich, St. Louis, MO,
USA). The assay was conducted in a 96-well microplate format with a final reaction vol-
ume of 200 uL per well, following the manufacturer’s protocol. The method is based
on Ellman’s colorimetric assay, in which enzyme-catalyzed hydrolysis of the substrate
generates thiocholine, which reacts with 5,5'-dithiobis (2-nitrobenzoic acid) (DTNB) to
form a yellow chromophore (5-thio-2-nitrobenzoic acid) measured kinetically at 405 nm.
Hydromethanolic extract stock solutions were prepared at 200 pug/mL in water/DMSO
(9:1, v/v) and serially diluted to final assay concentrations of 10-200 pg/mL. Galantamine
dissolved in methanol was used as a positive reference inhibitor. ICsj values were deter-
mined from dose-response curves using nonlinear regression analysis. All measurements
were performed in five independent replicates (1 = 5).

Enzyme inhibition was calculated as:

% Inhibition = [(Amax — Aext)/Amax] X 100

where

Anmax: measured absorbance of enzymatic activity without extract
Aext: measured absorbance of enzymatic activity with the extract

2.4. Data Analysis

All assays were performed in pentaplicate (n = 5), and results are expressed as the
mean =+ standard deviation (SD). Dose-response trends for acetylcholinesterase (AChE)
and butyrylcholinesterase (BChE) inhibition were plotted against extract concentrations to
evaluate the inhibitory profiles. The Half maximal inhibitory concentration (ICsg) values,
representing the concentration required to inhibit 50% of enzyme activity, were determined
by nonlinear regression analysis of the dose-response curves.

2.5. Molecular Docking

Molecular docking was performed to investigate the binding interactions between
selected secondary metabolites of Artemisia campestris and acetylcholinesterase (AChE).
The amino acid sequence of AChE from Aphis gossypii was retrieved from the Univer-
sal Protein Resource (UniProt) database, and its three-dimensional (3D) structure was
predicted using AlphaFold (https://alphafold.ebi.ac.uk/). The generated model was
subsequently validated using ProSA-web (https://bio.tools/prosa-web), Verify3D (https:
/ /www.doe-mbi.ucla.edu/verify3d/), ERRAT (https:/ /www.doe-mbi.ucla.edu/errat/),
and Ramachandran plot analysis to assess its structural quality and stereochemical reli-
ability [25-29]. Potential binding pockets were identified using the FPocketWeb server
(https:/ /durrantlab.pitt.edu/fpocketweb /) [30]. Docking simulations were conducted
using AutoDock Vina in PyRx 0.8 with an exhaustiveness value of 8. The grid box was
centered at (—1.823, 1.006, —0.082) was defined to adequately encompass the enzyme’s
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active site. Ligand—protein interactions were analysed and visualised using Discovery
Studio Visualizer (D.S. Biovia, 2025).

3. Results
3.1. Phytochemical Screening

The hydro-methanolic extract of A. campestris was subjected to qualitative phytochem-
ical analysis (Table 1).

Table 1. Qualitative phytochemical profile of A. campestris hydro-methanolic extract.

Compound Presence
Tannins .
Catechic tannins +
Gallic tannins o+
Flavonoids T+
Anthocyanins +
Free quinones 44+
Glucosides 4+
Terpenoids .
Saponins ++
Coumarins ++
Alkaloids Wagner +/Mayer —

(+++) indicates strong presence; (++) indicates moderate presence; (+) indicates weak presence; (—) indicates absence.
For alkaloids, Wagner’s reagent gave a positive result (+), while Mayer’s reagent gave a negative result (—).

Qualitative analysis of the hydromethanolic extract of A. campestris (Table 1) revealed
the presence of several major secondary metabolite classes, including tannins (both catechic
and gallic), flavonoids, anthocyanins, free quinones, glucosides, terpenoids, saponins, and
coumarins. Alkaloid detection yielded contradictory results between the two reagents used:
a positive reaction was obtained with Wagner’s reagent, while Mayer’s reagent gave a
negative result. This discrepancy suggests the probable presence of alkaloids, which could
not be fully confirmed; it may reflect the low concentration or specific structural class of
alkaloids present, given that the two reagents differ in sensitivity and selectivity toward
different alkaloid types.

3.2. Extraction Yield

The hydromethanolic extraction yield ranged from 11.78% to 13.01%, with a mean
value of 12.48 + 0.46%.

3.3. Quantification of Phytochemical Contents

The phytochemical composition of the hydromethanolic extract of A. campestris, cate-
gorised by major phenolic classes, is depicted in Figure 1.

Quantitative analysis revealed that the hydromethanolic extract of A. campestris is
primarily rich in phenolic compounds. The total phenolic content was 80.91 &+ 1.58 mg
GAE/g, followed by flavonoids at 60.45 &= 2.02 mg RE/g. Phenolic acids (4.24 £ 0.38 mg
CAE/g) and condensed tannins (2.26 £ 0.29 mg CE/g) were present at lower concentrations
(Figure 1). These values are based on five independent replicates (1 = 5).
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Figure 1. Quantitative phytochemical composition of the hydromethanolic extract of A. campestris.
Values represent means + standard deviation of five independent replicates (1 = 5). Different letters
above bars (a, b, c) indicate statistically significant differences between phytochemical classes (one-
way ANOVA, F = 4671.42, p < 0.001; Tukey’s HSD post-hoc test, « = 0.05). Phenolic Acids and
Condensed Tannins share the same letter (c), indicating no significant difference between these two
groups. Total phenolics expressed as mg gallic acid equivalents (GAE/g dry extract); flavonoids as
mg rutin equivalents (RE/g dry extract); phenolic acids as mg caffeic acid equivalents (CAE/g dry
extract); condensed tannins as mg catechin equivalents (CE/g dry extract).

3.4. Enzyme Inhibition

The hydromethanolic extract of A. campestris exhibited a clear concentration-dependent
inhibition of cholinesterase enzymes, with significant activity against both acetylcholinesterase
(AChE) and butyrylcholinesterase (BChE), as illustrated in Figure 2. Galantamine, used
as a reference inhibitor, exhibited ICsy values of 1.50 = 0.12 ng/mL for AChE under the
same assay conditions, confirming the validity of the assay and providing a benchmark for
comparison. Near-complete inhibition was observed at 30-50 ng/mL. The ICs, values were
13.79 £ 0.79 pg/mL for AChE and 8.34 + 0.58 pug/mL for BChE, based on five independent
replicates (n = 5). Galantamine, used as a reference inhibitor, displayed higher potency at
lower concentrations.

100% -

80% -

60% -

40% -

20% -

0% -

% of inhibitory effect of cholinesterase

01 5 10 15 20 25 30 35 40 45 50

Concentration (pg/mL)
—8— Galantamine  —&— Butyrylcholinesterase = —#— Acetylcholinesterase

Figure 2. Dose—Response Curves for Enzyme Inhibition by A. campestris Extract.
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3.5. Molecular Docking Analysis

The docking results, presented in Table 2 and illustrated by the binding pose Figure 3,
highlight the strong affinities of secondary metabolites from A. campestris for the A. gossypii
acetylcholinesterase active site.

Interactions

|:! van der Waals - Unfavorable Acceptor-Accepto

- Unfavorable Bump D Pi-Pi Stacked
- Conventional Hydrogen Bond El Pi-Pi T-shaped
- Unfavorable Donor-Donor El Amide-Pi Stacked

Figure 3. (a) Ribbon diagram: Modelled Structure of Aphis gossypii AChE; (b) 3D representation of
amino acid interactions with Cyanidin-3-O-glucoside of A. campestris with AChE Active Site. (c) 2D
representation of amino acid interactions with Cyanidin-3-O-glucoside of A. campestris with AChE
Active Site.

Table 2. Binding energies and key interacting residues of A. campestris metabolites with A. gossypii
acetylcholinesterase expressed in kcal /mol.

Molecule Pubchem CID Binding Energy Binding Amino Acids
15-O-p3-D-glucopyranosyl-11f3, 650 Trp145, Gly189, Ser193, Glu275,
13-dihydro urospermal A ’ Ser276, Tyr408
5-O-caffeoylquinic acid 5280633 -7.30 Tyr133, Trp145, Ser146, Gly189

Pelargonidin-3-O-glucuronide 443648 —6.20

GIn130, Tyr133, Trp145, Ser193,
Gly194, Tyr408, Phe409, Gly522

Trp145, Gly188, Gly189, Gly194,

Cyanidin-3-O-glucoside 441667 —8.50 Thr195, Tyr201, Tyr408

.. . GIn130, Tyr133, Trp145, Ser193,
Malvidin 3-O-glucoside 443652 —8.40 Gly194, Tyr408, Phe409, Gly522
Esculetin-6-O-glucoside 521417 ~7.60 Tyr133, Trpl45, Glyl194, Glu275,

Ser296, Tyr201, Phe409
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Table 2. Cont.

Molecule Pubchem CID Binding Energy Binding Amino Acids
Tyr133, Glul42, Trp145, Ser146,
3-hydroxyphloretin-6'-O-glucoside 1020685873 —6.5 Pro147, Gly188, Gly189, Gly194,

Tyr201, Tyr408, Phe409, Tyr412

Apigenin

Tyr133, Trp145, Tyr201, Phe409,

5280443 —-8.20 His521

Acacetin

Tyr133, Trp145, Gly194, Tyr201,
5280442 ~7.70 Glu275, Tyr362, Phe368, Phe409,
Asp413, His521

Chlorpyrifos (standard)

Tyr133, Trp145, Gly189, Ser193,
2730 —6.0 Tyr201, Tyr408, Phe409, Tyr412,
His521, Met525

The docking results highlight the strong affinities of secondary metabolites from A.
campestris for the A. gossypii acetylcholinesterase active site. Compounds such as cyanidin-
3-O-glucoside, malvidin-3-O-glucoside, and apigenin showed the highest binding affinities,
with binding energies ranging from —8.2 to —8.5 kcal/mol. These molecules interacted with
key residues (Trp145, Tyr201, Phe409) through hydrogen bonding and 7 interactions.

4. Discussion

The relatively high yield of the hydromethanolic extract (12.48 + 0.46%) confirms
the efficiency of this solvent system in recovering a broad spectrum of polar bioactive
compounds. These results are consistent with previous studies on A. campestris, which
reported similar yields in the range of 10-14%, thereby supporting the reliability of this
extraction method [31]. Such reproducibility is critical to the study’s objective, as a robust
yield ensures sufficient recovery of phenolics and flavonoids that underpin the strong
cholinesterase inhibition observed. Comparable yields have also been reported in re-
cent investigations of A. campestris, reinforcing hydromethanol as a suitable solvent for
phytochemical and bioactivity assays [31,32].

This profile underscores a clear predominance of polyphenols, particularly flavonoids,
which play crucial roles in various biological activities. The dominance of phenolics and
flavonoids is consistent with previous reports on A. campestris, where these compounds
were identified as the major constituents [33,34]. Recent LC-MS investigations confirm
similar phytochemical profiles, with flavonoids and phenolic acids highlighted as dominant
contributors to antioxidant and enzyme modulating activities in Tunisian and Algerian
A. campestris [35,36]. Their abundance likely contributes to the strong antioxidant and
enzyme-inhibitory potential observed in subsequent assays. Importantly, the quantitative
richness of flavonoids provides a biochemical rationale for the extract’s ability to inhibit
cholinesterase enzymes, as confirmed by phytochemical and biological activity studies on
Algerian A. campestris [37].

The predominance of flavonoids and tannins in A. campestris is consistent with earlier
reports [33,34], and more recent studies confirm polyphenols as the dominant bioactive
constituents in Tunisian populations [35]. The high prevalence of flavonoids and tannins
is significant, as these compounds are well recognized for their antioxidant and enzyme-
inhibitory properties [33]. Furthermore, terpenoids and coumarins, which are characteristic
of the Artemisia genus, may also contribute to the observed biological activities [38]. Overall,
the predominance of polyphenolic compounds likely facilitates the extract’s ability to
interact with enzymes through hydrogen bonding and hydrophobic interactions [38].
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Although BChE inhibition was slightly stronger, AChE remains the more relevant
target due to its central role in insect neurotransmission [1,13]. The observed activity
is likely attributable to the high concentration of polyphenolic compounds, particularly
flavonoids, which can interact with the enzyme’s active site including the catalytic triad
and the peripheral anionic site through hydrogen bonding and n—m stacking [39,40]. Such
interactions stabilize ligand—enzyme complexes and hinder substrate access, which aligns
with docking-based predictions of binding affinity and orientation [41]. Recent mechanistic
reviews and in silico/in vitro studies confirm that flavonoids such as quercetin, apigenin,
and kaempferol effectively inhibit cholinesterase by binding to both catalytic and peripheral
sites, validating the biochemical rationale for the activity observed here [39,40,42].

The mechanistic basis for this activity is further supported by molecular docking
results. Apigenin, detected in the extract, showed a binding energy of —8.20 kcal/mol
against the A. gossypii AChE active site, consistent with its inhibitory potency. Cyanidin-3-
O-glucoside and malvidin-3-O-glucoside (—8.50 and —8.40 kcal /mol, respectively) were
included as anthocyanin reference ligands to explore binding potential of this compound
class; they were not detected in the extract and their values should not be interpreted
as evidence of extract activity. Collectively, these compounds provide multiple hydroxyl
groups and planar aromatic rings capable of stabilizing interactions within the enzyme
pocket. Docking simulations revealed binding energies between —8.2 and —8.5 kcal/mol,
with hydrogen bonding and m—7t stacking involving residues Trp145, Tyr201, and Phe409.
These interactions are consistent with canonical binding modes of flavonoids, which are
known to occupy both the catalytic triad and peripheral anionic site, thereby hindering
substrate access and stabilizing enzyme-ligand complexes [43].

The agreement between docking predictions and experimental ICs values provides
compelling evidence that these metabolites act as competitive inhibitors of AChE. This
mechanistic consistency reinforces the hypothesis that the phytochemical richness of A.
campestris underpins its strong enzyme inhibitory potential. Recent computational and
pharmacological studies confirm that flavonoids exert dual antioxidant and cholinesterase-
inhibitory effects, validating the biochemical rationale observed here [44,45].

The biological relevance of the observed enzyme inhibition should be considered in the
context of the target pest, A. gossypii. This aphid relies on cholinergic neurotransmission for
normal nervous system function, and AChE inhibition is a well-established mechanism of
neurotoxicity in hemipteran pests [1,13]. The potent in vitro AChE inhibition demonstrated
by the A. campestris extract (ICsg = 13.79 £ 0.79 ug/mL), together with the strong in silico
binding affinity of apigenin at the A. gossypii AChE active site, provides a preliminary
mechanistic rationale suggesting potential relevance for the control of this pest a hypothesis
that remains to be confirmed through direct in vivo bioassay. While the present study does
not include direct bioassay data, the in vitro and in silico evidence collectively suggests
that the extract’s cholinesterase inhibitory constituents could plausibly disrupt cholinergic
neurotransmission in A. gossypii, a mechanistic hypothesis that must be validated through
targeted in vivo bioassays before any insecticidal claim can be made. Notably, flavonoids
such as apigenin and related phenolics have recently been shown to suppress A. gossypii
populations and feeding behaviour [9], further supporting the pest-control potential of the
A. campestris phytochemical profile. The comparison with galantamine warrants careful
contextual interpretation. Galantamine, a purified and structurally optimized alkaloid,
exhibited an ICsq of 1.50 & 0.12 ug/mL approximately 9.2-fold more potent than the A.
campestris extract (ICsg = 13.79 & 0.79 ng/mL for AChE). This difference, however, is both
expected and well-precedented in the botanical pharmacology literature. Galantamine acts
as a single molecule at maximum molar concentration, whereas a crude hydromethanolic
extract is a complex mixture in which active constituents collectively represent only a
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fraction of total dry weight; the effective molar concentration of any individual inhibitory
compound is therefore substantially lower than the nominal extract concentration. When
considered on this basis, the IC5) obtained is fully consistent with and in several cases
superior to values reported for other botanical extracts under comparable conditions.
For instance, Origanum vulgare extracts showed AChE ICsj values of 1840 pg/mL [43],
Artemisia copa extracts reported values of approximately 20-35 ng/mL [34], and phenolic-
rich plant extracts showed ICs, values of 15-30 pug/mL [44]. Studies have further demon-
strated that crude flavonoid fractions typically inhibit AChE at concentrations 5-15 times
higher than galantamine yet still display relevant biological activity [40], and synergistic
interactions among co-occurring polyphenols flavonoids, phenolic acids, and tannins have
been shown to enhance the inhibitory potency of a whole extract beyond what isolated
compound values would predict [42]. Taken together, the ICsq values of the A. campestris
extract are scientifically meaningful and position it as a competitive candidate among
botanical cholinesterase inhibitors, pending isolation of its most active constituents and
formulation optimization.

5. Conclusions

This study demonstrates that the hydromethanolic extract of A. campestris is rich in
bioactive secondary metabolites, particularly phenolics and flavonoids, which underpin its
notable in vitro cholinesterase inhibitory activity. In vitro enzyme-based assays revealed
ICsq values of 13.79 £ 0.79 ug/mL for AChE and 8.34 + 0.58 pug/mL for BChE, demonstrat-
ing concentration-dependent inhibitory activity under controlled laboratory conditions.
Molecular docking against the AlphaFold predicted AChE of A. gossypii revealed a favorable
binding affinity for apigenin, a flavonoid identified in the extract (—8.20 kcal /mol), with
stabilizing hydrogen bonding and 7— interactions at key active site residues; anthocyanin
compounds used as reference ligands in the docking analysis were not detected in the
extract and do not reflect its phytochemical composition. The consistency between experi-
mental ICs values and in silico binding predictions provides a mechanistic and biochemical
rationale connecting the phytochemical richness of A. campestris to its cholinesterase in-
hibitory potential, and supports the relevance of these findings to the development of
eco-friendly management strategies targeting A. gossypii a major agricultural pest that de-
pends on intact cholinergic neurotransmission for coordinated feeding and movement, once
in vivo efficacy is confirmed through direct bioassay. The role of A. campestris in this context
is further underscored by the molecular docking evidence connecting its phytochemical
constituents directly to the AChE of the target pest. These findings are, however, limited to
in vitro enzymatic assays and computational predictions; direct in vivo bioassay validation
against A. gossypii and related target insects remains the essential next step before any
insecticidal activity can be claimed. Beyond this, plant extracts often exhibit variability in
composition depending on growth stage, environment, and extraction method, which can
affect reproducibility. Future research should therefore focus on bioassay validation under
controlled conditions, the isolation of the most active constituents, formulation strategies,
and controlled-release systems to ensure practical effectiveness and field applicability. By
addressing these limitations and advancing from in vitro and in silico evidence toward
validated applied formulations, A. campestris represents a scientifically grounded candidate
for further investigation as a plant-based tool for sustainable management of A. gossypii
and related agricultural pests.
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