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Abstract
Patients with Alzheimer’s disease (AD) have two types of abnormal protein buildups: amyloid plaques and neurofibrillary 
tangles, in addition to the early synaptic dysfunction associated with the enzymes acetylcholinesterase (AChE) and butyryl-
cholinesterase (BuChE). Impairment of the glutamatergic system is also crucial for neuronal survival, as it can cause syn-
aptic dysfunction that overstimulates glutamate receptors, especially N-methyl-d-aspartate receptors (NMDARs). Another 
protein affecting neuronal health is glycogen synthase kinase-3 (GSK3), a widely preserved serine/threonine protein kinase 
linked to neuronal disorders, including AD. In recent years, alkaloids from the Amaryllidaceae have received great atten-
tion for their known anticholinergic activity, as well as their antioxidant, antigenotoxic, and neuroprotective properties. In 
this context, the identification of compounds capable of interacting with different targets involved in AD provides a pos-
sible new therapeutic strategy. In this study, we conducted a combination of in vitro and in silico approaches to identify the 
potential of C. subedentata in regulating key proteins involved in AD. Viability and neuroprotection assays were performed 
to evaluate the neuroprotection exerted by C. subedentata extract against neurotoxicity induced by Aβ (1–42) peptide and 
Okadaic acid in SH-SY5Y cells. Computational methods such as docking and molecular dynamic and viability therapeutic 
analysis were conducted to explore the interaction of alkaloids from C. subedentata with target proteins (AChE, BuChE, 
NMDA, and GSK-3) involved in AD. Our findings show that C. subedentata extract exerts neuroprotective effects against 
neurotoxic stimuli induced by Aβ (1–42) peptide and Okadaic acid. In addition, in silico approaches provide insight into how 
C. subedentata extract alkaloids interact with key proteins involved in AD. These findings provide insights into the potential 
therapeutic effects and action mechanisms of these alkaloids. We hope these rapid findings can contribute as a bridge to the 
identification of new molecules with the potential to counteract the effects of AD.
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Introduction

Alzheimer’s disease (AD) is a devastating neurodegenerative 
disease, and the most common form of dementia among the 
elderly population, worldwide affects nearly 50 million peo-
ple [1]. AD is an illness manifested by a number of patho-
logical and clinical features, which includes amyloid-beta 
(Aβ) peptide deposits, hyperphosphorylation microtubule-
associated tau protein by glycogen synthase-3(GSK3) activ-
ity, which leads to the formation of neurofibrillary tangles 
(NFTS) [2], dystrophic neurites, cholinergic impairment 
and neuronal death. Clinically, patients with AD exhibit a 
gradual loss of memory, and the ability to carry out daily 
activities. Additionally, as the disease progresses, patients 
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will have trouble, such as language impairment, thinking 
skills, depression, hostile behavior, hallucination and psy-
chosis, and will finally need complete care from caregivers 
during the end stage of AD [3–6].

Although AD has been studied for over a century, there is 
not treatment that gets to change the course of the disease. 
To date, cholinergic inhibitors such as donepezil, rivastig-
mine and, galantamine have been drugs approved by the 
US Food and Drugs Administration (FDA) for its treatment; 
however, these drugs provide symptomatic treatment but 
do not alter the course of disease. Likewise, commercially 
available drugs used for its symptomatic treatment show 
side effects such as gastrointestinal disturbance, vomiting, 
diarrhea, muscle aches, heartburn, headache, hepatotoxic-
ity, and shorter half-life. The dysfunction of the cholinergic 
system in memory processing and storage is the base of the 
commonly accepted cholinergic hypothesis [7]. According to 
the hypothesis, in AD there is a loss of cholinergic neurons 
and nicotinic acetylcholine receptors (nAChRs), which cor-
related with cognitive decline observed in the AD patients 
[8]. Acetylcholinesterase inhibitors (AChEIs) enhance cho-
linergic neurotransmission by inhibiting the AChE enzyme, 
which is responsible for breakdown of the neurotransmit-
ter acetylcholine (ACh), and this way, prolongs its action at 
the synaptic cleft. However, recently it has also been shown 
that another type of cholinesterase known as butyrylcho-
linesterase (BuChE) acts as a co-regulator of cholinergic 
neurotransmission by hydrolyzing ACh with a mechanism 
of degradation of the neurotransmitter similar to AChE. All 
of this is due to the functional and structural similarity of 
these enzymes [9–11]. On the other hand, dysfunction in 
the glutamatergic system seems to be critical for the sur-
vival of neurons. Glutamate is the most abundant excita-
tory neurotransmitter in the mammalian Central Nervous 
System (CNS). The great majority of the excitatory neu-
rotransmission is mediated by glutamate and its receptors, 
as N-methyl-d-aspartate (NMDA) [12]. The activation of 
synaptic NMDA can both promote neuronal health and kills 
neurons by activating Ca2+ dependent transcription fac-
tors such as cyclic-AMP response element-binding protein 
(CREB) and suppresses caspases and apoptotic pathway. 
So anyhow, excessive stimulation of glutamatergic signal-
ing leads to excitotoxicity, which is mediated by excessive 
Ca2+ entry through NMDA receptor, resulting in neuronal 
damage or death [13, 14]. Pharmacologically, memantine is 
an uncompetitive NMDA antagonist approved for the treat-
ment of moderate to severe AD. Its mechanism of action 
differs from the major alternative therapies in AD, which are 
all AChEIs. Memantine blocks NMDA receptor by trapping 
it in the open conformation. The impairment of cholinergic 
neurons probably occurs early in the disease whilst gluta-
matergic damage and excitotoxic deregulation occurs late 
in the course of disease [15]. Nowadays, memantine and 

donepezil combination in moderate to severe stages of AD 
is ongoing.

The multifactorial condition of AD creates considerable 
difficulty in identifying an effective treatment; however, 
AChE inhibitory activity is among the most relevant thera-
pies for decreasing the effects associated with the pathology. 
Nature provides a rich source of potential AChE inhibitors. 
In recent years, there has been a growing interest in the 
search of multifunctional compounds, which may represent 
an important pharmacological advance in the fight against 
the disease. In the light of this, the combination of phyto-
chemical compounds by synergistic effect could interfere 
simultaneously at different levels of the neurotoxic path-
ways. Plants contain compounds with antigenotoxic, antioxi-
dant, and anti-inflammatory activities, as well as the ability 
to inhibit AChE [16, 17].

Among many natural products, Amaryllidaceae plants 
and their alkaloids have attracted considerable attention due 
to their wide biological activity; including antiviral, anti-
cancer and antigenotoxic, in addition to AChE and BuChE 
inhibitory activity [18–20]. Nowadays, FDA approves gal-
antamine obtained from various Amaryllidaceae plants 
for clinical therapy. Galantamine has a dual mechanism 
of action, since it allosterically modulates nicotinic ACh 
receptors (nAChRs) and inhibits AChE. Additionally, gal-
antamina modulates non-amyloidogenic processing of the 
amyloid precursor protein (APP) by inhibiting BACE (beta-
site APP cleaving enzyme) [21–23]. This has motivated the 
screening of new metabolites from the Amaryllidaceae, as 
natural products represent a significant source of diverse 
molecules with biological potential. These metabolites can 
serve as guide compounds for the design and synthesis of 
new drugs. Caliphruria subedenta (commonly known Varita 
de San José) an endemic species of Colombia belonging to 
the Amaryllidaceae family is currently classified as endan-
gered. Previous analysis by gas chromatography coupled 
with mass spectrometry (CG-MS) made it possible to iso-
late and identify alkaloids such as galantamine (24.77%) 
followed by maritidine (21.45%), tazettine (12.45%), gal-
antindol (8.45%), haemanthamine (5.45%), ismine (4.27%), 
narwedine (3.79), lycorine (2.73), deoxytazettine (2.32%), 
clidantine (1.18%), 5,6-dihydrobicolorine (0.78%), 6-meth-
oxypretazzetine (0.72%), epimacronine (0.647%) and kirkine 
(0.40%) [24]. The C. subedentata extract has been shown 
to exhibit neuroprotective effects by decreasing necrotic 
cell death, DNA damages, and mitochondrial morphologi-
cal alterations induced by Aβ (1–42); besides, the extract 
exerted AChE inhibition activity [25]. However, it is not 
known which metabolites present in the extract are respon-
sible for neuroprotective effects.

Among the newer approaches in this research field in 
silico analysis is successfully used to identify, design, and 
predict novel therapeutic targets. Both molecular docking 
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and molecular dynamic are widely used in the discovery and 
optimization of novel compounds with affinity for a target. 
These methods also facilitate the correlation of biological 
activity with chemical constituents, which can provide valu-
able insights for predicting biological activity [26, 27]. In 
this context, computational methods based on protein–ligand 
interaction were adopted to explore the inhibitory activity 
exerted by some alkaloids belonging to the Amaryllidaceae 
family on four major protein targets (AChE, BuChE and 
NMDA and GSK3) by applying in vitro and in silico analysis 
complemented with therapeutic viability approaches.

Methodology

Plant Collection and Extract Preparation

Dormant bulbs of Caliphruria subedentata were recollected 
from the Botanical Garden “Alvaro José Negret”, affiliated 
with the Universidad del Cauca, in Popayán-Colombia. The 
plant material was examined and identified by Professor 
Bernardo Ramiro Ramírez, and a voucher specimen (N° 
0,027,587) was deposited in the Herbarium of the University 
of Cauca, Colombia. The ethanolic extract of C. subedentata 
was prepared using ultrasound-assisted extraction. Powdered 
plant material was placed in a conical flask containing 0.25 
L of 70% ethanol and sonicated for four hours in a Branson 
2510 ultrasonic bath. After cooling to approximately 25 °C, 
the mixture was filtered, and the filtrate was dried under 
vacuum at 40 °C using a rotary evaporator. The dried extract 
was dissolved in water, filtered through a 0.2 μm membrane 
filter for use in subsequent experiments [25]. The chemi-
cal composition of the extract was characterized using gas 
chromatography-mass spectrometry [24].

Materials and Methods

Materials

The Aβ (1–42) and Okadic Acid (OA) were purchased from 
Sigma-Aldrich, St. Louis, MO. The Aβ (1–42) peptide was 
prepared as previously described [25]. OA was dissolved in 
dimethyl sulfoxide (DMSO) at 100 µM as a stock solution.

Culture of SH‑SY5Y Cells

SH-SY5Y cells are a well-established human neuroblas-
toma cell line widely used in neurobiology research. They 
are particularly valuable for studying various neurological 
conditions, including Alzheimer’s disease, Parkinson’s dis-
ease, cerebral ischemia, neurotoxicity, and epilepsy. Due to 
their neuronal characteristics, SH-SY5Y cells serve as reli-
able models for investigating aspects of neuronal function 

and dysfunction [28, 29]. For the experiments, SH-SY5Y 
cells were cultured in a 1:1 mixture of DMEM/HAM-F-10 
medium (Sigma-Aldrich, St. Louis, MO, USA), supple-
mented with 10% Fetal bovine serum, penicillin (100 U/mL) 
and streptomycin (100 µg/mL) (Sigma-Aldrich, St. Louis, 
MO, USA). The cell cultures were maintained at 37 °C in a 
humid atmosphere containing 5% CO2 and 95% air.

Viability and Neuroprotection Assays

To assess cell viability and the neuroprotective effects of 
C. subedentata extract against Aβ (1–42) and OA-induced 
neurotoxicity in SH-SY5Ycells, the neutral red uptake assay 
was employed. This assay is based on the accumulation of 
neutral red, a weak cationic dye in the lysosomal organelles 
of viable cells [30]. In one set of experiments, cells (9 × 
104) were treated with C. subedenta extract at concentra-
tions of 6.25, 12.5 and 25 µg/mL for 24 h. Following this, 
the medium was replaced with fresh culture medium, and 
the cells were exposed to the Aβ (1–42) (10 µM) or OA 
(30 nM) for an additional 24 h. In another set cells (9 × 104) 
were co-treated with Aβ (1–42) (10 µM) or OA (30 nM) 
and the C. subedentata extract (6.25, 12.5 and 25 µg/mL) 
simultaneously for 48 h. After the treatments, the medium 
was removed, and 100 µl of neutral red solution was added 
to each well and incubated at 37 °C for 3 h. The supernatant 
was then discarded, and the dye retained by viable cells was 
extracted with 100 μl of an acetic acid: ethanol solution for 
20 min. Absorbance was measured at 540 nm using a micro-
plate reader.

Docking Molecular and Therapeutic Viability

Protein Preparation

The X-ray crystallographic structures of the target proteins 
rhAChE (4EY6), BuChE (5DYW), NMDA (1PBQ) and 
GSK3 (4ACG) were downloaded from Protein Data Bank 
(PDB) [31]. Hydrogen atoms were added to the protein, and 
unnecessary water molecules and co-crystallized ligands 
were removed from the binding site. Protein preparation 
was carried out using the GOLD ® (V 5.1) protocol [32]. 
The binding sites, which included the co-crystallized ligands 
were used to define the active site of each target.

Selection of Ligands

The molecules of interes along with their identification 
codes were obtained from public repository PuBuChEm 
as follow: ismine (CID: 188,957), kirkine (CID: 399,198), 
maritidine (CID: 11,185,307), tazettine (CID: 271,607), 
anhydrolycorine (CID: 619,567), homolycorine (CID: 
160,473), narwedine (CID: 10,356,588), galanthindole 
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(CID: 71,369,229), 6LQ (CID: 56,962,316), ATP (CID: 
5957), tacrine (CID: 1935), memantine (CID: 4054) and 
galantamine (CID: 9651) [33]. All 3D structures used for 
the docking studies were downloaded in SDF file format. 
Ligand preparation was also performed using GOLD ® (V 
5.1). These alkaloids have previously been identified in C. 
subedentate (Amaryllidaceae) [24]. Additionally, the neu-
roprotective activity of the total C. subedentata extract has 
been reported in vitro [25].

In this study, docking simulations were conducted using 
the GOLD software (version 5.1). For each ligand, multi-
ple poses were generated, and the CHEMPL scoring func-
tion was used to rank these poses based on their predicted 
binding affinity. The pose with the highest CHEMPL score 
was selected for further analysis, as it represents the most 
favorable binding conformation according to the scoring 
algorithm. To ensure consistency and reliability, the selected 
poses were visually inspected to confirm key interactions 
with the residues of the binding sites. Prediction of the phar-
macokinetic properties of alkaloid ligands was performed by 
SwissADME platform [34] and ProTox-II [35]. Addition-
ally, the PLIP [36] was used to analyze the interface of the 
ligands in the targets binding site. Visual inspection of the 
protein/ligand complexes was done by using PyMol software 
(Version 2.0).

Molecular Dynamic

The GROMACS package version 2019.3 [37] was used for 
the molecular dynamic simulations of the complexes. The 
CHARMM36 force field was applied for the protein and 
solute [38]. Hydrogens were added to each ligand, consid-
ering the protonation state at pH 7.4, using the Avogadro 
software [39]. Ligand parameters were then derived using 
the CGennFF server [40]. Ensuring compatibility with the 
CHARMM36 force field. The complexes were centered in 
a box with a 10 Å distance from the edge and solvated in 
a cubic box containing TIP3P water molecules. The sys-
tem was neutralized by adding the appropriate number of 
sodium (Na+) and chloride (Cl−) ions to achieve an ionic 
concentration of 0.15 M. Energy minimization was carried 
out using the steepest descent method with a maximum force 
of 1000 kJ/mol−1. nm for 50,000 steps. After minimization, 
the system was equilibrated in two steps: first in a canoni-
cal NVT (number of particles, volume and temperature) 
ensemble followed by an isothermal-isobaric NPT (number 
of particles, pressure and temperature) ensemble. NVT equi-
libration was carried out at a constant temperature of 300 K 
for 500 ps while NPT equilibration was performed at a con-
stant pressure of 1 bar and temperature of 300 K for 500 ps. 
The production phase was carried out at 300 K for 100 ns, 
a duration commonly used in molecular dynamics studies 
to ensure sufficient sampling of the dynamic behavior of 

the complexes. An integration time step of 2 fs was applied 
for all simulations, with trajectories saved every 0.5 ns for 
subsequent analysis.

Binding Free Energy Calculation

The obtained MD trajectories were used to estimate the 
binding free energy and residue energy decompositions 
using molecular mechanics Poisson–Boltzmann surface 
area (MM/PBSA) protocols implemented in the g_mmpbsa 
package [41]. All frames from the last 10 ns of the produc-
tion run for each complex were extracted and used for the 
MM/PBSA calculations. The standard output included the 
binding energy terms for the three simulations, as well as 
the binding free energy, calculated using the following equa-
tions [41].

The Gcomplex is the total free energy of the protein − ligand 
complex and Gprotein and Gligand are total free energies for 
protein and ligand respectively.

where x is the protein. ⟨ EMM⟩ is the average molecular 
mechanics' potential energy. TS refers to the entropic col-
laboration of the free energy where T (temperature) and S 
(entropy) and Gsolvation is the free energy of solvation.

The Ebonded is bonded interactions consisting of bond, 
angle, dihedral and improper interactions. The nonbonded 
interactions (Enonbonded) include both electrostatic (Eelec) and 
van der Waals (EvdW).

The solvation free energy is expressed Gpolar and Gnonpolar 
that are the electrostatic and nonelectrostatic contributions.

Statistical Analysis

The results are expressed as means ± standard deviations 
(S.D) obtained from three independent experiments for 
each assay, each performed in triplicates. Statistically sig-
nificant differences were assessed using a one-way analysis 
of variance (ANOVA) followed by Bonferroni´s post hoc 
test, utilizing GraphPad Prism Version 5.01 for Windows 
(GraphPad Software Inc. USA). A p-value of < 0.05 was 
considered statistically significant.

(1)ΔGbinding = Gcomplex −
(

Gprotein − Glligand
)

(2)Gx =< EMM > − TS + < Gsolvatation >

(3)
EMM = Ebonded + Enonbonded = Ebonded +

(

EvdW + Eelec

)

(4)Gsolvatation = Gpolar + Gnonpolar
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Results and Discussion

Chemical Composition of the Extract of Caliphruria 
subedentata

The chemical composition of C. subedentata extract was 
previously characterized in studies by Cabezas et al. and 
Castillo et al. [24, 25]. The principal compounds identi-
fied and isolated from the extract include galantamine 
(24.77%), maritidine (21.45%), tazettine (12.45%), galantin-
dol (8.45%), haemanthamine (5.45%), ismine (4.27%), nar-
wedine (3.79%), lycorine (2.73%), deoxytazettine (2.32%), 
and kirkine (0.40%). Additional minor metabolites identi-
fied were trisphaeridine, 11,12-dehydroanhydrolycorine, 
homolycorine, and anhydrolycorine. The concentrations of 
C. subedentata extract used in the test were consistent with 
those reported in early studies [25].

Caliphruria subedenta Extract Offers Protection 
Against Neurotoxicity Induced by Aβ (1–42) Peptide 
and Okadaic Acid

Aβ (1–42) peptide and OA are well-established neurotoxic 
agents used in various in vitro and in vivo models. Neu-
rotoxicity induced by these compounds is widely accepted 
as a model for mimicking neuronal death associated with 
AD. Aβ (1–42) peptide, a biochemical hallmark of neuro-
degeneration, is believed to result from aberrant processing 
of amyloid precursor protein (APP). In contrast, OA, a toxin 
produced by marine algae, inhibits protein phosphatases, 
leading to increased tau phosphorylation and neuronal death. 
To evaluate whether pretreatments or co-treatments with 
C. subedenta extract provides significant neuroprotection 

against these neurotoxic stimuli, SH-SY5Y cells were 
treated for 24 h with C. subedenta extract at concentrations 
of 6.25, 12.5, and 25 µg/mL, followed by 24 h exposure to 
Aβ (1–42) (10 µM) or OA (30 nM). Under our experimen-
tal conditions, pre-treatments with C subedentata extract at 
6.25 and 12.5 µg/mL significantly increased the cell survival 
rate in response to Aβ (1–42) and OA-induced neurotoxic 
(Fig. 1).

Under different experimental conditions, SH-SY5Y cells 
were treated simultaneously with C. subedenta extract and 
neurotoxic stimulus (Aβ (1–42) at 10 µM or OA at30 nM. 
As shown in Fig. 2, both Aβ (1–42) and OA significantly 
decreased cell survival (p < 0.001). However, co-treatment 
with the extract at concentrations of 6.25, 12.5 and 25 µg/
mL led to significant increases in cell survival compared to 
the control.

These results demonstrate that both Aβ (1–42) and OA 
significantly reduce the proliferative capacity of SH-SY5Y 
cells. The pathological hallmarks of AD include the deposi-
tion of Aβ (1–42) and the accumulation of hyperphosphoryl-
ated tau protein [42]. In the context of Aβ (1–42)-induced 
cell death, Aβ is recognized as the primary constituent of 
senile plaques in AD and plays a pivotal role in its pathogen-
esis. Increasing evidence indicates that Aβ induces oxidative 
damage to proteins, disrupts calcium homeostasis by pen-
etrating the mitochondrial matrix, and progressively accu-
mulates to induce mitochondrial stress. This stress interferes 
with enzymatic activity and impacting neuronal bioenerget-
ics [43, 44]. Consequently, these process lead to ATP deple-
tion, which is critical for mitotic functions and cell death 
pathways. Additionally, Aβ exacerbates genotoxic damage 
in SH-SY5Y cells [25, 45, 46].

OA serves as a robust model for mimicking tau hyper-
phosphorylation in AD. This toxin inhibits phosphatases, 

Fig. 1   C. subedentata extract offers protection against Aβ(1–42) and 
OA-induced neurotoxicity in the human neuroblastoma cell line SH-
SY5Y. SH-SY5Y cells were treated for 24 h with increasing concen-
tration (6.25, 12.5 and 25 µg/mL) of C. subedentata extract, then, the 
cells were incubated with a Aβ(1–42) (10 µM) and b OA (30 nM) to 

induce neurotoxicity for 24  h. Data are means ± standard deviation 
(S.D) calculated for three independent experiments each one per-
formed in triplicate. **, p < 0.01 and ***, p < 0.001 in comparison with 
injured cells by Aβ (1–42) and OA. Co, cells not treated
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displaying the highest affinity for PP2A followed by PP1 
and PP2B. Its effects include inducing hyperphosphoryla-
tion in both in vivo and in vitro [47, 48]. Tau proteins iso-
lated from AD brains exhibit over 40 phosphorylation sites 
with enzymes such as glycogen synthase kinase (GSK-3β) 
and protein phosphatase 2A (PP2A) playing critical roles 
in tau phosphorylation and dephosphorylation respectively 
[49]. In SH‐SY5Y cells, phosphorylation of GSK-3β at 
Ser9 reduces its activity, while phosphorylation at Tyr216 
increases it [50]. The association between tau hyperphos-
phorylation and neuronal death through PP2A inhibition and 
GSK3 activation by OA has been documented in cortical 
and hippocampal neuron cultures, as well as SH-SY5Y cells 
[51–53]. Conversely, GSK3 inhibitors have been shown to 
reduce tau hyperphosphorylation. Research into the mecha-
nisms of AChEIs has expanded beyond AChE inhibition to 
include their ability to mitigate cell damage by decreasing 
Aβ deposition [54]. Regarding the neuroprotective mecha-
nisms of C. subedentata extract during pre and co-treatment 
against Aβ (1–42)-induced neurotoxicity, it has been reported 
that post-treatments with the extract reduces neuronal death 
by inhibiting AChE, decreasing genotoxic damage, and 
regulating the mitochondrial morphology [25]. Since neu-
ronal homeostasis depends closely on mitochondria motility 
and function-crucial for differentiation processes [55, 56], 
it is plausible that C. subedentata alkaloids influence key 
energetic pathways involved in differentiation. Additionally, 
treatments with C. subedentata have been shown to promote 
neural differentiation effectively, likely through epigenetic 
regulation involving, with histone deacetylases [57]. Overall, 
our findings demonstrate that C. subedentata extract exerts 
protective effects during pre-treatment, co-treatment, and 
post-treatment [25] against neurotoxic stimul. However, 

these cannot be attributed solely to alkaloids, as non-alka-
loid compounds may also contribute to their neuroprotective 
action. These results underscore the importance of exploring 
strategies aimed at not only treating degenerative patholo-
gies but also on preventing them.

Molecular Docking and Therapeutic Viability

Nowadays, due to the impact of AD on patients, caregivers 
and society, there is a growing need to find treatment or 
cure, and this way, reducing worldwide the effects of pathol-
ogy. Because prevalence of AD is strongly associated with 
increasing age, it is expected that this dementing disorder 
will pose huge challenges to public health and elderly care 
systems worldwide [58]. To date, drug discovery efforts for 
AD have achieved limited success, primarily in the devel-
opment of symptomatic treatments. These include AChEIs 
such as donepezil, rivastigmine, galantamine and meman-
tine, an N-methyl-D-aspartate receptor (NMDA) antagonist. 
While, these drugs offer palliative benefits, they do not alter 
the progression of the disease. This failure in developing 
effective treatments can be attributed to the complex, mul-
tifactorial nature of AD pathogenesis and the absence of 
adequate and validated biomarkers, which significantly hin-
der the development of targeted therapies [3].

In this study, molecular docking was employed to 
evaluate the binding affinity between four targets (AChE, 
BuChE, NMDA and GSK3) and a selection of alkaloids 
ismine, kirkine, maritidine and tazettine, anhydrolycorine, 
homolycorine narwedine and galanthindole. Positive con-
trols used for comparison included galantamine, tacrine, 
memantine, 6LQ and ATP. All tested alkaloids were capable 
of forming stable complexes. The docking scores for each 

Fig. 2   Simultaneous treatments with C. subedentata extract and neu-
rotoxic stimuli decrease the neurotoxicity in SH-SY5Y cells. SH-
SY5Y cells were incubated during 48 h with increasing concentration 
(6.25, 12.5 and 25 µg/mL) of C. subedentata plus Aβ (1–42) (10 µM) 

(a) or OA (30 nM) (b). Data are means ± standard deviation (S.D) of 
triplicate of three different experiments. *, p < 0.05, **, p < 0.01 and 
***, p < 0.001 in comparison with injured cells by Aβ (1–42) and OA. 
Co, cells not treated
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complex are summarized in Table 1. Among the alkaloids 
anhydrolicorine, maritidine and galanthindole exhibited the 
highest average docking scores (60.08, 59.74, and 58.69 
respectively), surpassing the score of galantamine (57.97). 
For the BuChE target, all alkaloids, except for ismine, dem-
onstrated mean docking score values exceeding that of the 
positive control tacrine (52.50). In the case of the NMDA 
receptor, all ligands achieved higher mean scores values 
compared to memantine (40.67). Regarding the GSK3 tar-
get, kirkine exhibited the highest docking score among the 
alkaloids (57.56), however, this value did not surpass the 
scores observed for the positive controls 6LQ (83.77) and 
ATP (62.35).

To evaluate the stability of the complexs, we focused on 
the ligands with the highest docking scores: anhydrolyco-
rine/AChE = 60.0; galanthindole/BuChE (63.24); homoli-
corine/NMDA (57.87) and kirkine/ GSK3-β (57.56). The 
results of the protein–ligand interactions for the best pose 
of each ligand are summarized in Table 2 and illustrated 
in Fig. 3. The analysis revealed distinct interaction pat-
terns across the complexes. The GS3K/Kirkine complex 

exhibited the highest number of hydrophobic interactions 
(six) and hydrogen bonds (three), highlighting its strong 
binding stability. In contrast, anhydrolycorine/AChE 
complex demonstrated the greatest number of pi-stacking 
interactions (three), emphasizing its unique model of bind-
ing. Notably, the NMDA/homolycorine complex showed a 
balanced distribution of hydrophobic interactions across 
its interaction profile. These findings suggest that the vari-
ous complexes may have different mechanisms of action, 
depending on the specific interactions they establish with 
their ligands.

By identifying the specific interactions between a pro-
tein target and their ligands, we can gain valuable insights 
into the underlying mechanisms of binding and the poten-
tial functional effects of these interactions. This knowledge 
serves as a foundation for designing and optimizing ligands 
or drugs with enhanced binding properties, ultimately lead-
ing to therapeutic outcomes. The molecular interactions 
identified in the analyzed complexes (Table 2 and Fig. 3), 
including hydrophobic interactions, hydrogen bonds, 
π-stacking, and salt bridges, each play distinct roles in sta-
bilizing ligand binding and enhancing specificity. Hydropho-
bic interactions are predominant across all complexes, act-
ing as the primary mechanism for anchoring ligands within 
the hydrophobic pockets of the target proteins. Hydrogen 
bonds, which are critical contributors to binding specific-
ity and stability, were particularly prominent in the NMDA/
Homolycorine and GSK3β/Kirkine complexes, highlight-
ing their essential role in molecular recognition. π-Stacking 
interactions, observed in complexes featuring aromatic resi-
dues in the binding site, such as AChE and BuChE, further 
enhanced stabilization through aromatic-aromatic interac-
tions. Salt bridges identified in the NMDA/Homolycorine 
complex provided electrostatic complementarity, thereby 
strengthening the ligand–protein interaction. This under-
standing of interaction profiles provides a solid foundation 
for designing ligands tailored to exploit these molecular 
features. For instance, insights into the predominant hydro-
phobic interactions or hydrogen bonds within a specific 
complex facilitate the rational design of ligands optimized 
for these interactions, potentially leading to more effective 
binding and superior therapeutic outcomes. Consequently, 
the results presented in Table 2 and Fig. 3 serve as valu-
able guidance for the development of novel ligands or drugs 
that can selectively and effectively target each protein com-
plex. For instance, knowledge of predominant hydrophobic 
interactions or hydrogen bonds in each complex enables the 
rational design of ligands optimized for these interactions, 
leading to more effective binding and potentially superior 
therapeutic outcomes. Therefore, the results presented in 
Table 2 and Fig. 3 are valuable for guiding the development 
of novel ligands or drugs that can selectively and effectively 
target each protein complex.

Table 1   GOLD Mean scores. Molecular docking scores of ligands 
with target receptors

Gold scores are unitless values that represent the fitness of ligands. 
Higher scores indicate greater affinity of the ligands for the target pro-
tein

Ligands CHEMPL mean score

AChE BuChE NMDA GSK3β

Galantamine Tacrine Memantine 6LQ, ATP
Positive control 57.97 52.50 40.67 83.77 62.35
Ismine 56.26 52.50 55.88 46.64
Kirkine 55.75 55.78 50.33 57.56
Maritidine 58.69 56.13 54.35 45.19
Tazettine 51.35 58.99 46.63 48.87
Anhydrolycorine 60.08 52.85 50.52 54.01
Homolycorine 55.13 59.61 57.87 44.60
Narwedine 52.79 55.05 55.36 43.80
Galanthindole 59.74 63.24 55.92 51.69

Table 2   Protein–ligand interactions of the best pose for each ligand 
and patterns of interactions between the complexes and their ligands

Complex Hydro-
phobic
interac-
tion

Hydro-
gen 
bond

π−stacking Salt briges

AChE/Anhydrolycorine 5 0 2 0
BuChE/Galanthindole 4 1 1 0
NMDA/Homolycorine 4 3 1 1
GSK3β/Kirkine 6 3 0 0
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To evaluate the potential toxicity of the compounds under 
investigation, we used the ProTox-II server, and the results 
are presented in Table 3. This server predicts the likelihood 
of a compound causing carcinogenic, immunotoxic, muta-
genic, and cytotoxic effects, while also estimating the LD50 
value (in mg/kg body mass). The LD50 values generated by 
the server classify molecules based on their toxicity, rang-
ing from Category I (indicating compounds that have the 
potential to be lethal) to Category VI (indicating compounds 
with a low risk of harm if ingested) [35]. Although kirkine 
showed the lowest LD50 value, indicating potential toxicity 

upon ingestion, it was classified as Category 3, suggesting 
moderate toxicity. In contrast, the other ligands were catego-
rized as Category 4, indicating a level of toxicity that can be 
harmful if ingested.

Drug development presents a significant challenge for 
the pharmaceutical industry. It has been demonstrated that 
the primary factor contributing to the high failure rate of 
new chemical entities during drug development is not nec-
essarily a lack of drug activity, but rather inadequate phar-
macokinetic (PK) and pharmacodynamics (PD) properties. 
Gastrointestinal absorption and brain access are two critical 

Fig. 3   Top: Molecular interaction between ligands and targets

Table 3   Prediction of toxicological properties analyzed by ProTox-II

Ligand Hepatoxicity Carcinogenicity Immunotoxicity Mutagenicity Cytotoxicity DL50/probability Toxic-
ity 
class

Anhydrolycorine Inactive (0.88) Active (0.54) Active (0.91) Active (0.51) Inactive (0.57) 1000/0.67 4
Kirkine Inactive (0.88) Active (0.50) Active (0.53) Inactive (0.71) Active (0.51) 230/0.68 3
Homolycorine Inactive (0.90) Active (0.60) Active (0.84) Inactive (0.88) Inactive (0.77) 561/0.68 4
Galanthindole Inactive (0.69) Active (0.52) Active (0.93) Active (0.53) Inactive (0.62) 525/0.54 4
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pharmacokinetic processes that must be evaluated at various 
stages of drug discovery [59, 60]. Therefore, in addition to 
assessing the affinity and selectivity against molecular tar-
gets, we also evaluated absorption, distribution, metabolism, 
excretion and tolerable toxicity (ADMET). In the develop-
ment of anti-Alzheimer drugs, a major limitation is over-
coming blood brain barrier (BBB) permeation. The lack of 
BBB permeability prevents the active compound from reach-
ing its target in the brain. The Brain Or Intestinal Estimated 
Permeation (BOILED-Egg) method is an accurate predictive 
model that computes the lipophilicity and polarity of small 
molecules [59]. The boiled-egg graphic in Fig. 4 presents 
the results of the assessment of human intestinal absorption 
(HIA) and BBB penetration. The yellow region indicates 
a high probability of permeation through the BBB, where 
seven molecules are located. Homolycorine and meman-
tine are represented as red dots, indicating that they are 
P-gp non-substrates (P-gp-), whereas galantamine, kirkine, 
anhydrolycorine, galanthindole, tacrine, and ligand 6LQ are 
classified as P-gp substrates (P-gp +) (blue dot). It should 
be noted that ligand 6LQ is in the white region, indicating 
that it is passively absorbed by the gastrointestinal tract but 
still a P-gp+. One molecule, ATP, falls outside the range of 
the graphic, suggesting limited potential for gastrointestinal 
absorption and BBB penetration. The Log S value of -4.07 
indicates that ATP has high water solubility and may be 
largely confined to extracellular space. The Log P o/w value 
of 0.35 suggests that ATP has low lipophilicity, which is 
consistent with the limited potential for HIA and BBB pen-
etration. Considering this, it seems reasonable to conclude 
that the position of ATP out of range in the BOILED-Egg 
graphic is consistent with its limited potential for systemic 
exposure and its properties as a P-gp+ (Table 4).

Lipinski's rule of five, as employed in SwissADME, 
elucidates the correlation between pharmacokinetic and 

physicochemical parameters of orally active compounds. 
This rule characterizes small molecule profiles based on 
four descriptors: molecular weight (MW) ≤ 500 Da, parti-
tion coefficient octanol–water (MLOGP) ≤ 4.15, number 
of hydrogen bond acceptors (N or O) ≤ 10, and number of 
hydrogen bond donors (NH or OH) ≤ 5 [59]. (Table 4).

Galantamine adheres to Lipinski's rule of five, exhibiting 
moderate solubility (2.64 mg/L) and moderate lipophilic-
ity (-2.93 Log P O/W). Similarly, Kirkine also conforms to 
Lipinski's rule, showing moderate solubility (2.42 mg/L) 
and moderate lipophilicity (-2.25 Log P O/W). Anhydroly-
corine also complies with the rule demonstrating moderate 
solubility (2.63 mg/L) and high lipophilicity (-3.81 Log P 
O/W). Homolycorine adheres to Lipinski's rule, with moder-
ate solubility (2.98 mg/L) and moderate lipophilicity (-3.09 
Log P O/W). Galanthindole, tacrine, and memantine also 
conform to Lipinski's rule, with moderate solubility values 
(2.77 mg/L, 2.09 mg/L, and 2.51 mg/L, respectively) and 
moderate lipophilicity (-3.59 Log P O/W, -3.27 Log P O/W, 
and -3.02 Log P O/W, respectively). In contrast, 6LQ and 
ATP do not fully comply with Lipinski's rule. 6LQ exhib-
its low solubility (3.29 mg/L) and very high lipophilicity 
(-4.07 Log P O/W), while ATP demonstrates high solubility 
(0.93 mg/L) but low lipophilicity (0.35 Log P O/W). Conse-
quently, according to Lipinski's rule, galantamine, kirkine, 
anhydrolycorine, hololycorine, galanthindole, tacrine, and 
memantine are considered toconform, while 6LQ and ATP 
do not. Based on these results, most of the ligands in Table 4 
(galantamine, kirkine, anhydrolycorine, hololycorine, galan-
thindole, tacrine, and memantine) comply with Lipinski's 
rule. This suggests a higher probability of oral bioavailabil-
ity for these ligands. The ligands generally exhibit moderate 
solubility in water, ranging from 2.09 mg/L to 3.29 mg/L. 
However, it is important to note that 6LQ demonstrates 
relatively low solubility compared to the other ligands. The 

Fig. 4   Boiled-egg graphic 
shows evaluation of passive gas-
trointestinal absorption (white 
area) and brain access (yellow 
area) of the alkaloids and pos-
itive-controls: #1Galantamine; 
#2 Kirkine; #3 anhydrolycorine; 
#4 homolycorine; #5 galanthin-
dole; #6 tacrine; #7 memantine; 
#8 6LQ and #9 ATP
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lipophilicity of the ligands varies, with 6LQ and galanthin-
dole demonstrating high lipophilicity, while ATP exhibits 
low lipophilicity. Lipophilicity influences a drug's ability 
to permeate cell membranes and distribute throughout the 
body. The molecular weights of the ligands range from 
179.30 g/mol to 535.66 g/mol. Larger molecules, such as 
6LQ, may encounter challenges in absorption and distribu-
tion. In conclusion, ligands that adhere to Lipinski's rule 
possess moderate solubility, and moderate lipophilicity are 
more promising candidates for further drug development, 
with a higher probability of favorable pharmacokinetics 
properties.

Molecular Dynamics

Dynamics simulations were conducted to assess the molecu-
lar behavior of the complexes over time. To evaluate the 
stability of each system, we analyzed the RMSD, which 
measures the average distance between the atoms of each 
protein over the simulation frames. Lower RMSD values 
indicate that the structure remains close to its initial confor-
mation, while higher values suggest significant deviations. 
A stable system typically shows a plateau in RMSD values, 
indicating that the complex has reached equilibrium, and its 
structure is no longer undergoing large fluctuations. Figure 5 
illustrates the RMSD of cholinesterases (AChE and BuChE), 
NMDA and GSK3. The trajectories of these enzymes inter-
acting with the ligands stabilize over the course of the simu-
lation. The complexes involving AChE, BuChE and GSK3 
reached stability around 10 ns, while the NMDA system took 
a longer time to stabilize, with equilibrium achieved around 
50 ns. The complexes with cholinesterases and GSK3 exhib-
ited RMSD values ​​close to 0.18 nm (Figs. 5a–c). In contrast, 

for the NMDA complexes, the homolycorine ligand initially 
showed high RMSD values, but these values stabilized near 
0.25 nm after 50 ns, resembling the behavior of the NMDA-
Memantine complex (Fig. 5d).

To assess the amino acid residues contributing to fluctua-
tions in trajectories, we analyzed the RMSF of each com-
plex (Fig. 6). RMSF quantifies the flexibility of residues by 
measuring their average deviation from a reference position 
over time, highlighting regions of the protein that exhibit 
greater or lesser mobility. High RMSF values indicate more 
flexible regions, while low values correspond to more rigid 
and stable regions. The AChE complexes exhibited similar 
fluctuation patterns, with notable peaks for residues TYR77 
and LEU221 being higher when AChE was associated with 
the anhydrolycorine ligand (Fig. 6a). For BuChE the com-
plexes with both ligands showed comparable fluctuations 
throughout the simulation (Fig. 6b). Regarding the GSK3 
complexes, the 6LQ ligand induced smaller fluctuations, 
particularly in the MET250-ILE262 loop (Fig. 6c). In con-
trast, the NMDA complexes demonstrated higher RMSF 
values across most amino acid residues with the NMDA-
homolycorine complex exhibiting the greatest fluctuation 
(Fig. 6d).

When analyzing the RMSD of the ligands, we observed 
that most ligands exhibited RMSD values ​​greater than 
0.2 nm across the analyzed enzymes (Fig. 7). The only 
exception was galantamine interacting with AChE, which 
displayed a trajectory with peaks below this threshold, sta-
bilizing at approximately 0.08 nm (Fig. 7a). However, the 
higher RMSD values observed for the other ligands sug-
gest that their positions varied throughout the simulation. 
In the case of the BuChE complexes, although the trajec-
tories shown peaks above the threshold, the tacrine and 

Table 4   Pharmacokinetic properties of the alkaloids tested by the SwissADME Server

* The compounds Galantamine, Tacrine, and Memantine were included as references in this study due to their status as FDA-approved drugs, 
making them reliable benchmarks within a clinical context. Additionally, the compounds 6LQ and ATP were employed as references for the 
enzyme GSK3. 6LQ was selected because it is co-crystallized with the enzyme, while ATP, as the natural substrate of GSK3, is particularly rel-
evant for comparative analyses of activity and affinity

Ligands Lipinski’s Rule Solubility 
(EPSOL)

Lipophilicity Benchmark

MW MLOGP N or O NH or OH Mg/L Log Po/w

Clinically
Approved Drugs

Galantamine 287.35 1.74 4 1 − 2.93 2.64 FDA—approved [61]
Tacrine 198.26 2.33 1 1 − 3.27 2.09 FDA—approved [62]
Memantine 179.30 3.02 1 1 − 3.02 2.51 FDA—approved

[63]
Natural Compunds Kirkine 273.33 1.5 4 2 − 2.25 2.42 None

Anhydrolycorine 251.28 2.86 2 0 − 3.81 2.63 None
Homolycorine 315.36 2.15 5 0 − 3.09 2.98 None
Galanthandiole 281.31 2.09 3 1 − 3.59 2.77 None

GSK3 Reference 6LQ 535.66 0.68 8 2 − 4.07 3.29 Co-crystallized
ATP 507.18 -4.79 16 7 0.93 0.35 Substrate
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galanthindole ligands tend to stabilize at approximately 
0.5 and 0.6 nm, respectively (Fig. 7b). Likewise, kirkine, 
ATP, and 6LQ tend to stabilize around 0.5, 0.7 and 0.4 nm, 
respectively (Fig. 7c). On the other hand, the trajectories 
of the AChE-anhydrolycorine complex (Fig. 7a) and of the 
NMDA complexes (Fig. 7d) exhibited significant fluctuation 
throughout the simulation, suggesting that these ligands may 
be subject to dissociation events.

Trajectory frames indicated that although the AChE-
anhydrolycorine complex and the systems formed by BuChE 
and GSK3 exhibited RMSD peaks above the 0.2 nm thresh-
old, these ligands remained tightly bound to their respec-
tive binding sites. Specifically, galantindole and kirkine, 

natural products associated with BuChE and GSK3 respec-
tively, showed only minor conformational variations over 
time. However, they remained anchored within the active 
sites of these enzymes, stabilized by hydrogen bonding and 
π-stacking interactions, and surrounded by hydrophobic 
residues. Figure 8 illustrates representative frames of these 
ligands. Figure 8 illustrates representative frames of these 
ligands.

In contrast, the trajectories of anhydrolycorine associ-
ated with AChE, along with the ligands interacting with 
the NMDA receptor, showed susceptibility to dissociation 
events. The dissociation of these ligands occurs at specific 
time for each complex (Fig. 9. Specifically, anhydrolycorine 
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Fig. 5   Backbone RMSD as a function time: a trajectories of compounds interacting with AChE; b with BuChE; c with GSK3 and d with NMDA
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began to dissociation from the AChE active site at approxi-
mately 29 ns, while homolycorine and memantine initiate 
dissociation from the NMDA site at around 5 ns and 4 ns, 
respectively. Given that homolycorine and memantine dis-
sociatefrom NMDA and anhydrolycorine leavs AChE site, 
we proceed to analyze the radius of gyration (Rg), solvent-
accessible surface area (SASA), and free energy calculations 
(MM/PBSA) of those ligands that remained docked to their 
enzyme.

To assess the overall compaction of the proteins that 
remained interacting with their ligands, the Rg was calcu-
lated (Fig. 10). Rg provides information about protein com-
paction, indicating whether the protein reached conforma-
tional equilibrium during the simulations. Figure 10a shows 
that the trajectory of the AChE-galantamine system equili-
brates at approximately 2.32 nm, while Fig. 10b illustrate 
that the BuChE complexes interacting with galanthindole 
and tacrine reach Rg values around to 2.34 nm, remaining 
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stable throughout the simulations. This suggests that these 
protein structures do not undergo significant fluctuation in 
compaction. Although the GSK3-β complexes exhibited 
subtle Rg variations (Fig. 10c), the trajectory showed a 
consistent compaction pattern for the tested ligands. The 
interaction with kirkine, ATP and the 6LQ presents tenuous 
compression and decompression movements; however, the 
trajectories tend to reach equilibrium close to 2.18 nm.

SASA analysis allows describing the molecular surface 
of proteins that are accessible to the solvent. The systematic 
increase in SASA suggests destabilization of the protein, 

which may expose its hydrophobic regions to the solvent. In 
general, the SASA values of the AChE, BuChE and GSK3 
enzymes stabilized throughout the simulation (Fig. 11). The 
trajectories of the AChE/anhydrochorine complex stabilized 
at approximately 219 nm2 (Fig. 11a), while the complexes 
involving the BuChE enzyme demonstrated SASA values 
close to 226 nm2 (Fig. 11b). The GSK3 trajectories dem-
onstrated subtle differences from SASA, where lower val-
ues were found when the enzyme interacts with the 6LQ 
(~ 183 nm2) and higher values when it interacts with ATP 
and kirkine, both with approximately 187 nm2 (Fig. 11c).
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Through the MM/PBSA analysis, we predicted the 
binding energies for the ligands that continued to interact 
with their targets respectively (Table 5). Galantamine was 
the only compound that remained bound to AChE, show-
ing a binding energy of − 346.30 ± 20.02 kJ.mol−1. This 
strong interaction highlights the potential of galantamine 
as a lead compound in AChE inhibition, suggesting that 
its binding profile could serve as a reference for the design 
of analogues with greater efficacy and selectivity. For the 
BuChE complexes, the galanthindole ligand exhibited a 
greater potential to compete for the enzyme´s active site, as 
it demonstrated a lower binding energy (− 78.15 ± 10.52 kJ.
mol−1) compared to tacrine (− 68.56 ± 8.28 kJ.mol−1). These 
results highlight the importance of electrostatic interactions 
in stabilizing galanthindole within the BuChE active site, 
providing a promising framework for optimizing inhibitors 
targeting BuChE-related diseases such as AD. Structural 
modifications that improve these interactions could fur-
ther enhance binding affinity and specificity. Regarding the 
GSK3 complexes, kirkine displayed higher binding energy 
values (− 227.90 ± 10.04 kcal.mol−1) compared to ATP 
and the 6LQ, which had scores of − 881.96 ± 26.27 and 
− 351.19 ± 13.12 kJ.mol−1, respectively. Although Kirkine 
binding energy is less favorable than ATP, its distinct inter-
action profile may inspire the design of GSK3 inhibitors 
capable of selectively modulating its activity, potentially 
minimizing off-target effects. These findings suggest that 

MM/PBSA-derived insights into binding energy, together 
with structural characterization of key interactions, can 
guide rational drug design by identifying functional groups 
or moieties essential for binding.

Taken together, these in vitro and in silico results pro-
vide evidence for the neuroprotective effects exerted by 
plants. Among the Amaryllidaceae family, galantamine-
type alkaloids are widely recognized for their potential 
utility in treatment AD. In recent years, the multifactorial 
nature of AD has driven an active search for multi-target 
drugs with two or more selected biological activities, as they 
could represent a significant pharmacological advancement 
in managing this complex disease. In this context, drug 
combinations or compounds that may act at different levels 
of the neurotoxic cascade may offer new hope for treating 
neurodegenerative diseases like AD [64–66]. The findings 
from our study regarding the neuroprotective effects of C. 
subedentata extract align with the current trends in drug 
discovery for AD, which increasingly emphasize a multi-
target approach over the traditional single-target strategies. 
This approach recognizes the multifactorial nature of AD, 
where a combination of neurodegenerative processes, such 
as cholinergic deficits, amyloid beta accumulation, and 
neuroinflammation, must be addressed simultaneously for 
more effective treatment outcomes. However, one of the 
substantial challenges of developing multi-target therapies 
is ensuring adequate permeability across the BBB [67, 68]. 

Fig. 8   Trajectories of frames of Galanthindole bound with BChE and Kirkine linked with GSK3. Proteins are represented by the color gray in 
the cartoon format and the ligands have carbon atoms customized in green in the sticks format
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Fig. 9   Trajectories of frames of anhydrolycorine bound with AChE and homolycorine and memantine linked with NMDA. Proteins are repre-
sented by the color gray in the cartoon format and the ligands have carbon atoms customized in green in the sticks format

2.25

2.30

2.35

2.40

0 50 100

R
g
(n
m
)

Time (ns)

Radius of gyration
AChE

2.25

2.30

2.35

2.40

0 50 100

R
g
(n
m
)

Time (ns)

Radius of gyration
BChE

2.10

2.15

2.20

2.25

0 50 100

R
g
(n
m
)

Time (ns)

Radius of gyration
GSK3

(a) (b) (c)

Figure10   Rg as a function time: a trajectories of compounds interacting with AChE; b with BuChE and c with GSK3



	 Neurochemical Research (2025) 50:116116  Page 16 of 19

Many promising compounds, including various alkaloids, 
may exhibit limited bioavailability due to their molecular 
size and hydrophilicity. Therefore, future research must not 
only focus on enhancing the efficacy of these multi-target 
interactions but also on improving the pharmacokinetic 
properties of the compounds to facilitate their transport 
across the BBB, ultimately leading to tangible therapeutic 
benefits in patients suffering from Alzheimer's disease [69, 
70]. The findings of this study demonstrate that certain alka-
loids significantly inhibit enzyme activity, correlating with 
docking simulations that reveal strong binding affinities and 
stable molecular interactions. Combining experimental data 
and computational predictions enhances understanding of 
these compounds' neuroprotective effects, paving the way 
for the rational design of new therapeutic agents targeting 
Alzheimer's pathology. However, to elucidate the therapeutic 
potential of C. subedentata extract, it is important to inves-
tigate the possible synergistic effects between the identified 
alkaloids and other non-alkaloid metabolites present in the 
extract. Preliminary studies indicate that the complex phy-
tochemical profile of C. subedentata may enhance neuro-
protective properties through multi-target interactions. For 
instance, flavonoids and phenolic compounds, recognized 

for their antioxidant and anti-inflammatory effects, could 
synergistically interact with alkaloids to regulate oxidative 
stress and neuroinflammation associated with Alzheimer's 
disease. Future research should prioritize the isolation of 
these non-alkaloid components and the evaluation of their 
interactions both in vitro and in vivo, as this may lead to a 
more comprehensive understanding of the extract's overall 
efficacy and facilitate the development of combination thera-
pies that take advantage of these synergistic interactions.

Conclusions

Our results demonstrated that C. subedentata extract exhib-
ited neuroprotective effects against neurotoxic stimuli 
induced by Aβ (1–42) peptide and Okadaic acid. Pre-treat-
ments with the extract significantly increased cell survival 
rates against these neurotoxic challenges, suggesting its 
potential role in mitigating neuronal death associated with 
Alzheimer's disease. In terms of in silico approaches, our 
findings for the first time describe the possible mechanisms 
of interaction exerted by some alkaloids from C. sub-
edentata with key target proteins involved in Alzheimer’s 
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Fig. 11   Protein solvent-accessible surface area as a function time: a trajectories of compounds interacting with AChE; b with BuChE and c with 
GSK3

Table 5   Residual decomposition and Binding energy (given in kJ mol−1) in the protein–ligand interaction

Receptor Ligand ΔEvdW ΔEelec Polar solvatation energy SASA energy Binding energy

AChE Galantamine − 149.76 ± 12.01 − 497.33 ± 26.33 317.46 ± 35.55 − 16.66 ± 0.75 − 346.30 ± 20.02
BuChE Galanthindole − 115.50 ± 9.45 − 22.22 ± 8.10 72.59 ± 14.87 − 13.01 ± 1.11 − 78.15 ± 10.52

Tacrine − 106.61 ± 5.80 − 6.93 ± 3.71 56.51 ± 10.11 − 11.54 ± 0.85 − 68.56 ± 8.28
GSK3 Kirkine − 124.40 ± 9.02 − 188.15 ± 9.62 99.73 ± 2.99 − 15.09 ± 0.49 − 227,90 ± 10.04

ATP − 74.58 ± 14.14 − 1986.59 ± 33.25 1193.01 ± 23.15 − 13.80 ± 0.38 − 881.96 ± 26.27
6LQ − 193.40 ± 7.85 − 348.62 ± 11.43 209.59 ± 14.86 − 18.76 ± 0.54 − 351.19 ± 13.12
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disease- However, it is important to consider the possibility 
that the neuroprotective mechanisms of this plant may also 
involve other non-alkaloid compounds. Further research is 
needed to explore the roles of non-alkaloid metabolites of 
C. subedenta in its neuroprotective effects.

Future Research Directions

Building upon the promising neuroprotective effects demon-
strated by C. subedentata extract, several avenues for future 
research can be pursued to further elucidate its therapeutic 
potential:

1.	 Exploration of Non-Alkaloid Metabolites: While our 
study highlights the role of alkaloids in conferring neu-
roprotection, it is crucial to investigate other non-alka-
loid metabolites present in C. subedentata. Future stud-
ies should focus on isolating and characterizing these 
compounds to determine their individual contributions 
to neuroprotection and their mechanisms of action.

2.	 In vivo studies: Validate the in vitro findings through 
animal models of neurodegeneration, such as Alzhei-
mer's disease, to assess the extract's efficacy in reduc-
ing cognitive decline and neuronal loss. Additionally, 
studies could investigate the pharmacokinetics of its 
active compounds and elucidate the specific molecular 
mechanisms behind its neuroprotective effects, with a 
particular focus on neuroinflammation, oxidative stress, 
apoptosis, and interactions with relevant target proteins.

3.	 Combination Therapies: Explore the potential syner-
gistic effects of combining C. subedentata extract with 
other therapeutic agents to enhance neuroprotection and 
treatment outcomes.

4.	 Clinical Trials: Conducting clinical trials to evaluate the 
safety, tolerability, and efficacy of C. subedentata extract 
in patients with neurodegenerative diseases, which could 
pave the way for its potential use as a therapeutic agent. 
By pursuing these research directions, we can deepen 
our understanding of C. subedentata extract and its con-
stituents, potentially leading to novel strategies for the 
prevention and treatment of neurodegenerative diseases.
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