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Abstract 

Background Neurodegenerative disorders (NDDs) are associated with increased activities of brain acetylcholinest‑
erase (AChE), butyrylcholinesterase (BChE) and monoamine oxidase (MAO) as well as Aβ‑amyloid (Aβ) neurotoxic‑
ity; therefore, they offer a therapeutic option for the treatment of NDDs such as Alzheimer’s disease (AD). This study 
was aimed at identifying multi‑targeting neurotherapeutics from Gongronema latifolium leaves using in vitro analysis, 
GC–MS profiling and computational methods.

Results The n‑hexane solvent partition fraction of the methanol extract of Gongronema latifolium leaf (HF) exhibited 
concentration‑dependent inhibitory activities against acetylcholinesterase and butyrylcholinesterase but not against 
MOA in vitro. The GC–MS chemical profiling identified 17 phytochemicals from the HF; these were further screened 
against human AChE, BChE, β‑secretase enzyme (BACE1) and amyloid‑β (Aβ) fibrils using molecular docking, ensem‑
ble‑based docking (EBD), molecular dynamics simulation (MDs) and binding free energy (BFG) coupled with predic‑
tive adsorption, distribution, metabolism, excretion and toxicity (ADMET) analysis. The lead phytochemicals (LPs) 
(dihydroactinidiolide and 1H‑Indole‑3‑ethanamine), with mean binding energies (− 6.525 ± 0.895 and 6.475 ± 0.985; 
− 6.833 ± 0.461 and − 6.466 ± 0.577; − 6.2 ± 0.845 and − 5.95 ± 0.353 kcal/mol) exhibited multi‑target binding ten‑
dencies to the catalytic residues of hAChE, hBChE and hBACE1, in addition to hAβ fibril‑disruptive tendencies 
(− 6.325 ± 0.545 and − 5.95 ± 0.353 kcal/mol), respectively. These results corroborated the initial molecular docking 
and BFG computations. The lead phytochemical–protein complexes were stable during the period of MDs. The LP 
presented favorable drug‑likeness and ADMET properties coupled with the capacity to traverse the BBB.

Conclusion Dihydroactinidiolide and 1H‑Indole‑3‑ethanamine, in part or in synergy, are identified as neurotherapeu‑
tic constituents of Gongronema latifolium that may have been responsible for the ethnopharmacologically reported 
neurotherapeutic activities of the leaf, and hence they are suggested as potential drug candidates that can be useful 
for managing or treating neurodegenerative disease such as Alzheimer’s disease, subject to further investigation.
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Background
Neurodegenerative disorders (NDDs) are a cluster of ail-
ments with features of progressive degeneration of the 
function and structure of human nervous tissues, caus-
ing deterioration in brain performance and ultimately 
leading to death. Besides, they cause a decrease in the 
quality of life of the patients. Huntington’s disease, Alz-
heimer’s disease (AD), Parkinson’s disease (PD), and 
dementia are among the most pressing NDDs of global 
concern, especially among geriatrics [1]. Throughout 
sub-Saharan Africa, AD and other NDDs have been pro-
jected to increase the burden on health systems; to the 
same extent, over half of dementia patients are situated in 
low- and intermediate-income countries such as Nigeri 
[2, 3]. The incidence of age-adjusted dementia in the 
sub-Saharan part of Africa has been estimated by Alzhei-
mer’s Disease International to be 7.2% among those that 
are 60 years of age and older [2]. Globally, approximately 
5.4 and 10 million people are suffering from AD and PD, 
respectively [4], revealing that NDDs are among the fore-
most causes of death [1, 5]. Current studies predict a uni-
versal upsurge in the incidence of dementia cases from 
57.4 million in 2019 to a range of (130.8–175.9) million 
in 2050 [6]. Marking multiple causes of NDDs is a mod-
ern approach for the development of prospective thera-
peutics for NDDs. Such pathological processes involved 
in neuronal degeneration may include decline in brain 
neurotransmitters, oxidative stress, inflammation, mito-
chondrial dysfunction, apoptosis, genetic factors and 
misfolding of proteins that tend to aggregate, account-
ing for their multiple aetiologies [7]. In the brain, one of 
the pathological changes that is associated with NDDs 
involves a decline in neurotransmitters, including neu-
roactive amines, acetylcholine and butyrylcholine. Spe-
cifically, AD has the distinctive characteristic of deficient 
acetylcholine; consequently, several therapeutic possibili-
ties involve the enhancement of cholinergic transmission 
[8].

Cholinergic neurons use acetyl- and butyrylcho-
line for neurotransmission; after their release to the 
synaptic cleft, the cholinesterases hydrolyze acetyl- 
and butyrylcholine into acetate and choline [9]. The 
increased activities of these enzymes may lead to cho-
linergic insufficiency and a decline in intellectual abil-
ity; therefore, there is a need for compounds that can 
serve as cholinesterase inhibitors. Such inhibition 
strategies will raise the intensity of acetylcholine and 
butyrylcholine in the synaptic cleft and thus improve 
interactions and transmission between neurons in the 
brain. In this direction, several inhibitors of cholinest-
erase have been designed as therapeutics for NDDs 
management [10]. These cholinesterase antagonists 
are also used to treat NDDs, which are characterized 

by degeneration in cholinergic conduction, including 
dementia and Lewy bodies [11]. The deficit of dopa-
mine in the substantial nigra pars compacta and dopa-
minergic neurons is the hallmark of PD [12]. Also, 
inhibitors of enzymes such as monoamine oxidase 
(MAO), known to catalyze the oxidative deamination of 
dopamine, will relieve some of the indicators associated 
with PD and other NDDs [1]. In this regard, several 
studies that employ the cholinergic and MOA enzymes 
as drug targets have produced clinically approved 
inhibitors, but not without side effects. Furthermore, 
the buildup of proteins that are misfolded is a common 
factor implicated in the aetiology of AD and PD, whose 
aggregation leads to the stultification of synaptic func-
tion and the deadening of neurons [13]. The plaques 
produced from extracellular β-amyloid coupled with 
intracellular neurofibrillary tangles that are formed 
as a result of the excessive phosphorylation of the tau 
protein are the main contributors to the pathophysiol-
ogy of Alzheimer’s disease [1]. The β-secretase enzyme 
(BACE1), which is also called the β-site amyloid pro-
genitor protein (APP) splitting enzyme 1, is an aspar-
tic protease found in the transmembrane, whose main 
function is the cleaving of the transmembrane amy-
loid protein to produce the β-stubs and is implicated 
as a rate-limiting catalytic step that produces Aβ [14]. 
It is therefore conceivable that inhibitors of BACE1 
enzymes may afford curative and remedial alternatives 
for the management and remedy of Alzheimer’s dis-
ease. The protein concentration and enzyme activity of 
this protein in the body fluids of humans are promising 
candidate biomarkers, which have also been exploited 
toward the development of inhibitors that may delay or 
arrest the imbalance of the amyloid-β pathway in Alz-
heimer’s disease [14, 15]. In addition, several reports 
have implicated oxidative stress, which may induce 
the accumulation of metal ions in the brain [7]. Oxida-
tive stress observed in patients with NDDs has been 
linked to the accumulation of iron in their brains [16]. 
Although iron is an important element with key physi-
ological functions, such as components of proteins 
and cofactors, excessive free iron may produce oxida-
tive stress conditions, especially in the brain, with rela-
tively diminished anti-oxidative defense. Ferrous iron, 
through the Fenton reaction, can stimulate oxygen tox-
icity, which may cause the generation of free radicals, 
including hydroxyl radicals (·OH), that will ultimately 
result in oxidative stress. The development of oxida-
tive stress implies either an overwhelming of the anti-
oxidant defense mechanisms or excessive free radicals 
or oxidant species. As suggested earlier, compounds 
with metal chelating and antioxidant activities may 
play a vital role in neuroprotection [17, 18]. Aiming at 
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numerous causative players in neurodegenerative dis-
orders is a modern approach for the enhancement and 
promotion of prospective intervention for NDDs.

Numerous food herbs and therapeutic plants are 
known for their neuroshielding and antioxidant perfor-
mance, as they have been conventionally used for the 
management of Alzheimer’s disease and other NDDs. 
These plants include: Crocus sativus L. (saffron) [19], 
Nigella sativa L. [20], Coriandrum sativum [21], Ferula 
assafoetida [22], Thymus vulgaris [23], Zataria multiflora 
Linn [24], Curcuma longa Linn [22] and Gongronema lat-
ifolium Benth [25]. Rapid in vitro and in silico techniques 
are valuable for deciphering the interactions of the bio-
active constituents of such plants and selected targets in 
diseases toward the identification of preventive nutra-
ceuticals and therapeutic agents. In particular, compu-
tational methods such as molecular docking, molecular 
dynamics simulation and quantitative structure–activity 
relationships (QSARs) have been effectively employed 
to predict bioactive components from food herbs and 
medicinal plants [26, 27]. Several anti-Alzheimer’s agents 
have been suggested through such in silico computa-
tional analysis of natural compounds [28].

Gongronema latifolium, a green leafy vegetable widely 
consumed in Nigeria and some African regions, has 
been widely reported for its neuroprotective and anti-
oxidant properties [29–31]. Although previous studies, 
which include computational screening, have suggested 
the polypharmacology potential of GL in NDDs [28, 30], 
there is a paucity of information on the in  vitro testing 
of the bioactive fractions and isolates. Integrating in vitro 
testing with computational studies may provide further 
empirical evidence for the ethnopharmacological use of 
this plant. Therefore, the current study employs in vitro, 
GC–MS chemical profiling and various in silico meth-
ods to investigate the inhibitory capacity of the n-hexane 
solvent fraction of the methanol extract of Gongronema 
latifolium.

Methods
Plant material
Gongronema latifolia leaves were authenticated with a 
voucher number that was deposited.

Extraction and preparation of n‑hexane extract
The method described by [32] was used for the extrac-
tion of the 80% methanol extracts. The methods used for 
the extraction, solvent–solvent partitioning of the n-hex-
ane extract have been reported in our previous study 
Gyebi et  al. [33]. Briefly, 10  kg of G. latifolium leaves 
(UILH/002/1176) was air-dried to a uniform weight of 
2.2 kg; this was further macerated in 80% methanol (12 L 
of methanol and 2.4 L of distilled water) for two weeks at 

room temperature. Using a rotary evaporator, the solvent 
was removed under reduced pressure with a total yield of 
methanol extract (180 g). The extracts were further suc-
cessively partitioned with n-hexane (3 L) and EtOAc (3 
L) in this order, giving rise to 3 fractions: n-hexane (40 g), 
EtOAc (62 g) and residue (78 g).

In vitro analysis
Determination of cholinesterase inhibitory activities
The inhibitory activities of the n-hexane fraction of 
Gongronema latifolia extract on acetylcholinesterase and 
butyrylcholinesterase were assessed using spectrophoto-
metric method based on Ellman method [34] as modified 
[35]. Acetylcholine iodide  (C7H16NO2I) and butyrylcho-
line iodide  (C9H20INO2) were used as substrates and final 
concentrations of 50, 100, 150, 200 and 250 µg/mL of the 
extract. A mixture of 500 μL of phosphate buffer (PH 8.0, 
0.1  M), 200  μL of acetylcholinesterase enzyme solution, 
100  μL solution of 3.3  mM 5,5-dithio-bis (2-nitroben-
zoic) acid and various intensities of the test samples, were 
pipetted into the microplates. In total, 100 μL of acetylth-
iocholine iodide (0.05 mM) was added after the mixture 
was incubated for 20 min at 25 °C. The acetylcholinester-
ase activity that occurred within 3 min at room tempera-
ture was measured at an absorbance of 412 nm.

Using the substrate butyrylthiocholine, the same pro-
cedure was employed to measure butyrylcholinesterase 
activity [35]. The obstructive activity of the enzyme was 
computed and presented as percentage inhibition. Meth-
anol was used as the negative control. While the assay 
was carried out in duplicates

where  Abscont is the change in absorbance of the nega-
tive control, and  Absam is the change in absorbance of the 
sample.

Determination of monoamine oxidase inhibitory activities
The MOA inhibitory action of the n-hexane partition 
fraction of Gongronema latifolia determined based on 
earlier stated method [36]. The reaction combination 
consists of phosphate buffer (0.025 M at pH 7), semicar-
bazide (12.5 mM), benzylamine (10 mM at pH 7), 75 μL 
of enzyme (MAO) and 250, 200, 150, 100 and 50  µg/
mL solution of water-dissolved test samples. Acetic acid 
(250 μL) was included after 30 min and boiled for 3 min 
in water bath after that the mixture was centrifuged. 
The resultant supernatant (1  mL), 0.05% of 2, 4-DNPH 
(1.25 mL) and 1.25 mL benzene were mixed prior to the 
incubation at rt for 10  min. Equal volumes of sodium 
hydroxide (1 N) and isolated benzene layer of the mixture 
above were mixed and heated for 10  min at 80  °C. The 

(1)
Inhibition% = [(Abscont − Absam)/Abscont]× 100
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alkaline layer was poured out [37]. The alkaline layer was 
decanted [37]. The absorbance was measured at a wave-
length of 450 nm. The inhibition in percentage was deter-
mined as follows: The assay was run in 3 replicates.

Statistical analysis
One-way ANOVA and Duncan multiple range were used 
to measure for statistical difference among the means of 
the concentrations in IBM SPSS Statistics version 23.0 
(IBM Corp., Armonk, N.Y., USA). Difference at p < 0.05 
was considered significant. Graphs were created using 
Microsoft excel for windows 2016.

GC–MS identification of chemical constituent of n‑hexane 
fraction of the methanol fraction of Gongronema latifolium 
leaf extract
The GC–MS investigation of the n-hexane fraction of 
the methanol fraction of Gongronema latifolium leaf 
extract was executed on automatic sampler system (Agi-
lent 19091GC plus) that is paired with a quadruple Mass 
Spectrometer 433HP-5MS. The test sample was infused 
at about 250 °C with a split ratio of 10:1 with a flow rate 
of helium 1  mL/min. The phytocompounds were then 
removed in HP5MS column merged with phenylmethyl-
silox (length; 30  m × 250  µm; film thickness 0.25  µm). 
The carrier gas used was helium operated at a flow rate 
of 1 mL per minute. GC-FID detector was used to detect 
the phytocompounds; each signal was fragmented on 
the mass spectrometry for compound identification. The 
chromatogram is presented as Fig. 2.

In silico studies
Retrieval and preparation of proteins
The co-crystallized proteins of human acetylcholinest-
erase (hAChE) with donepezil (4EY7), human butyryl-
cholinesterase (hBChE) with propidium (6ESJ) human 
β-secretase (BACE-1) with aminoquinoline compound 1 
(5I3V) and unbound Aβ fibrils (2BEG) were saved from 
the http:// www. rcsb. org (Protein Data Bank website). The 
water and co-crystallized ligand molecules accompany-
ing the protein make up were deleted, while lost hydro-
gen atoms were added using MGL-AutoDockTools (ADT, 
v1.5.6). The Kollman charges were inserted as the partial 
atomic charge [38].

Ligands preparation
The Structure Data Format (SDF) of the GC–MS iden-
tified phytocompounds from the n-hexane fraction of 
Gongronema latifolium Benth Leaf and the co-crystalized 
compounds (donepezil and propidium) were assessed 
from the PubChem database (www. pubch em. ncbi. nlm. 

(2)[(AbsControl − AbsSamples)/AbsControl] × 100

nih. gov), while compound 1 the native ligand for 5I3V 
was extracted from the crystal structure. The compounds 
were minimized using in OpenBabel [39]. The AutoDock 
function tools as implemented in PyRx 0.8 were used to 
convert the ligands to PDBQT format [40].

Molecular docking studies
Active site directed and blind molecular docking 
of phytochemicals to target proteins
The procedure for the molecular docking analysis was 
validated before the docking of the compounds to the 
proteins. The GC–MS identified compounds and the ref-
erence inhibitors (donepezil, propidium an aminoquino-
line compound) were docked to the active site of hAChE 
and hBChE and hBACE-1 using AutoDock Vina in PyRx 
0.8 [40]. The ligands were decreased after importation 
with OpenBabel in PyRx 0.8 [39]. For the optimization 
algorithms, the conjugate slope descent was utilized, 
while for energy minimization parameter, the Universal 
Force Field (UFF) was employed. The dimension of the 
binding site of the enzymes was characterized by the 
grid box size, and center is presented in Table 1. In all the 
docking processes, default mode was implemented. The 
active site directed docking was executed for proteins 
which know active site (hAChE, bAChE and BACE-1), 
the amino acid regions around the native ligands were 
selected, and the grid box was drawn around them, while 
the grid box enveloped the whole surface of the proteins 
for the blind docking analysis for the Aβ fibrils.

Molecular dynamics
Two different MD simulation analyses were undertaken 
using the same protocol in this study. In the first analy-
sis, the native ligand for the proteins was extracted, 
after which the apo proteins were exposed to a full-
atomistic 100-ns simulation. The trajectories obtained 
from this analysis were clustered for the optimized 
docking study. In the second analysis, the reference 
compounds and the 2 lead phytochemicals complexed 
with the proteins were subjected to 100-ns simulation 

Table 1 Targets protein binding coordinates

Blind docking of the ligands was performed against Aβ fibrils, while targeted 
docking was performed against BACE-1, hAChE and hBChE

Dimensions Aβ fibrils (Å) BACE‑1 (Å) hAChE (Å) bAChE (Å)

Center_x 0.55 67.91 − 13.48 2.54

Center_y 0.02 48.43 − 43.40 − 9.30

Center_z − 8.25 9.57 27.61 − 14.86

Size x 52.76 16.72 24.78 18.53

Size y 22.91 16.24 16.73 21.94

Size z 32.81 19.95 19.87 17.05

http://www.rcsb.org
http://www.pubchem.ncbi.nlm.nih.gov
http://www.pubchem.ncbi.nlm.nih.gov
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for firmness and conformation analysis of the bound 
complexes. In both case, the molecular dynamic (MD) 
simulation was performed using GROMACS 2019.2 
and GROMOS96 43a1 forcefield [41–43]. The ligands 
topology files were generated using PRODRG web-
server (http:// davap c1. bioch. dundee. ac. uk/ cgi- bin/ 
prodrg) [44]. The systems of the apo enzymes and the 
ligand–bound enzymes complex were all solvated with 
transmittable intermolecular potential with a four-
point (TIP4P) within a cubic box water model, with 
periodic limit conditions applied at a physiological con-
centration of 0.154 M set by neutralized NaCl ions. The 
systems were minimized for 10,000 steps using steepest 
descent algorithm in constant number of atoms, vol-
ume and temperature ensemble (NVT) ensemble for 
0.3  ns, followed by 0.3  ns of equilibration in constant 
number of atoms, constant pressure and constant tem-
perature (NPT). The pressure and temperature were 
set to 1 atm and 310 K and sustained using Parrinello-
Rahmanbarostat and velocity rescale, respectively. 
Leap-frog integrator was used with a time step of 2 
femtosecond. Fifty nanoseconds of simulation was per-
formed for each system, and for each 0.1 nano a snap-
shot was saved giving rise to a total of 1000 frames. The 
VMD TK console scripts [45] were used to analyze the 
lines produced from the simulation to calculate RMSD, 
RMSF, SASA, RoG and number of H-bond.

Clustering of molecular dynamic trajectories of unbound 
proteins
In preparation for an ensemble docking analysis, TTClust 
V 4.9.0 [46] was employed for the clustering of the trajec-
tories acquired from MD simulation of the apo proteins. 
The trajectories were clustered using TTClust python 
package that employs the elbow method to determine the 
optimal number of clusters from which representative 
frame for each of the cluster is provided. This representa-
tive conformation for each cluster was used in the opti-
mized docking experiment.

Ensembled‑based docking of the GC–MS identified 
phytocompounds to various conformations of the proteins
The GC–MS identified phytochemicals and the refer-
ence compounds were docked to the actives sites of the 
selected representative structure of target proteins that 
were acquired from the cluster analysis of the MDS tra-
jectories using AutoDock Vina software [38, 40]. The 
Universal Force Field (UFF) was employed in the optimi-
zation using the steepest descent algorithm [47–49]. The 
selected docked conformation was analyzed using Dis-
covery studio visualizer [50].

Binding free energy calculation using MM‑GBSA
The gmx_MMPBSA package was used to compute the 
free energy of binding using Molecular Mechanics Gen-
eralized Born Surface Area (MM-GBSA) algorithm for 
each enzyme_lead phytochemical complex systems. The 
binding energies were decomposed to get the amino acids 
within 10  Å around the ligand [51, 52]. The strength of 
salt and solvation (igb) were set to 0.154 M and 5, respec-
tively, while the external and internal dielectric constants 
were set to 78.5 and 1.0, respectively. Other parameters 
were set as default.

Different energy terms were estimated according to 
Eqs. 2–6 > 

where ∆H is the calculated enthalpy from solvation-free 
energy (Esol) and gas-phase energy (Egas). So as to match 
the relative binding free energies, the T∆S which repre-
sents entropic donation to the free binding energy was 
not estimated in this study. E comprises of van der Waals 
(EvdW) and electrostatic (Eele) terms. Esol was computed 
from the polar solvation energy (EGB), while (ESA) non-
polar solvation energy was assessed from the accessible 
solvent surface area [53, 54]

Results
In vitro studies
Cholinesterase and monoamine oxidase inhibitory activities
AChE and BchE activity assay plays an imperative role 
in  vitro characterization and identification of potent 
inhibitors of the enzymes that serve as drugs for poten-
tial treatments for AD [55]. The inhibitory activities of 
the solvent-partitioned n-hexane fraction of the MeOH 
extract of Gl on acetylcholinesterase and butyrylcho-
linesterase and monoamine oxidase actions were inves-
tigated using in  vitro inhibition assays. For AChE and 
BChE activities a concentration-dependent (CD) inhibi-
tory activities were recorded by HF of Gl, while HF of 
Gl did not show a CD inhibition of monoamine oxidase 
activity (Fig. 1).

(3)�G=Gcomplex − Greceptor − Gligand

(4)�Gbinding =�H − T�S

(5)�H=�Egas+�Esol

(6)�Egas=�Eele+�EvdW

(7)�Esolv=EGB+ESA

(8)ESA=γ · SASA

http://davapc1.bioch.dundee.ac.uk/cgi-bin/prodrg
http://davapc1.bioch.dundee.ac.uk/cgi-bin/prodrg
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GC–MS identification of chemical constituent
The GC–MS chromatogram of the n-hexane fraction 
of methanol extract of Gongronema latifolium leaves 
extract (Fig.  2), shows the peaks of the compounds 
identified in the fraction. The identified phytocom-
pounds were based on retention time, the peak area 
and molecular formula. Table 2 shows the name of the 
phytocompounds, retention time (RT) its molecular 
formula and percentage peak area. The sum of 17 com-
pounds was identified. Cambamic acid and 1,3-dime-
thyldiaziridine with close RT of 3.726 and 3.876 were 
identified to have the high percentage area, signifying 
the richness of the compound in the fraction.

In silico analysis
Authentication of molecular docking protocol
Authentication of molecular docking procedure is an 
import step in virtual screening of compounds that is 
applied to the protocol to predict the precision and 
accuracy of the docking protocol [56]. An initial valida-
tion of the docking procedure to be used for the dock-
ing steps was undertaken. The extracted co-crystalized 
ligands (propidium, donepezil, and aminoquinoline 
compound of hBChE hAChE and hBACE1 were super-
imposed, respectively) were superimposed and aligned 
on the selected docked poses with the least energetic 
conformer. The RMSD calculated on BIOVIA Dis-
covery Studio Visualizer 20.1.0, San Diego, CA, USA, 
2020 was 0.6005, 0.5761 and 0.000  Å for propidium, 

donepezil, and aminoquinoline compound, respectively 
(Fig. 3).

Molecular docking study
The results of the molecular docking of the GC–MS 
identified phytochemicals (17) (GIP) and reference 
compounds (donepezil, propidium and aminoquino-
line compound 1) against hAChE, hBChE and hBACE-1 
are presented in (Table  1). The ranges of binding ener-
gies are (− 8.0 to − 3.4; − 7.7 to − 2.8; − 7.1 to − 3.1 and 
− 9.1 to 6.5  kcal/mol for hAChE, hBChE, hBACE1 and 
hAβ fibrils), respectively. The binding energies for the 
reference compounds (donepezil, propidium and ami-
noquinoline compound 1) for the hAChE, hBChE and 
hBACE1 enzymes are − 12.2, − 9.3 and − 7.7  kcal/mol, 
respectively. Based on the binding scores, docked poses 
and interaction with the catalytic residues of the respec-
tive proteins, the top two phytochemicals were selected 
and the lead phytochemicals to the proteins. Dihydroac-
tinidiolide was the top lead phytochemicals to the four 
proteins with a binding energies of − 8, − 7.1, − 7.7 and 
− 9.1  kcal/mol for hAChE, hBChE, hBACE1 and hAβ 
fibrils, while 1H-Indole-3-ethanamine had the second 
best binding energies of − 6.7, − 6.8 and − 8.9  kcal/mol 
for hBChE, hBACE1 and hAβ fibrils proteins. Thymol 
(− 7.5  kcal/mol) was the second lead phytochemical for 
the hAChE enzymes. Therefore, dihydroactinidiolide and 
1H-Indole-3-ethanamine exhibited multiple high binding 
tendencies to atleast 3 of the protein target. Thymol was 
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also ranked among the best 5th phytochemicals to the 3 
other proteins targets (Table 3).

Amino acid interactions of the lead phytochemicals 
with the residues of human acetylcholinesterase, human 
butyrylcholinesterase, human β‑secretase and hAβ fibrils
Table 4 reveals the numerous binding interactions in the 
active groove of the proteins. The interactive analysis 
shows that donepezil, the co-crystalized ligand of hAChE, 
was docked in the active gorge of the enzyme. The 1-ben-
zyl unit of donepezil made aromatic Pi-Pi stacking to 
His447 and Trp86. Two Pi-alkyl interactions with Tyr337 
and Tyr341 were observed with the piperidine ring. 
The 5-methoxy unit of inden-1-one and the piperidine 

ring formed two Pi-sigma interactions with Trp286 and 
Phe338, respectively. The only hydrogen bond that was 
recorded in the interaction was between Phe295 and the 
carbonyl oxygen of the indenone ring (Fig. 4). The bond 
between dihydroactinidiolide and hAChE was stabilized 
by an H-bond amid the carbonyl oxygen of the benzo-
furan-2-one ring and Gly122. Phe333 made four hydro-
phobic interactions that included 3 Pi-alkyl contacts with 
the three methyl groups and an additional Pi-sigma bond 
to 4-methyl group of dihydroactinidiolide. Tyr341 made 
2 Pi-alkyl contacts with 4 and 4a methyl groups, while 
Try337 formed a sigma interaction with a 7-methyl group 
and 2 Pi-alkyl contacts with 4 and 4a methyl groups. The 
interactions between thymol and hAChE were stabilized 

Fig. 2 Chromatogram of phytocompounds in n‑hexane fraction of 80% methanol Gongronema latifolium 
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by only hydrophobic interactions. The phenol ring of thy-
mol formed 2 Pi–Pi T-shaped contacts with Trp86 and 
Tyr337 of hAChE. The isopropyl unit made 2 Pi-sigma 
contacts with Trp86 and a Pi–Pi stacking with Trp86. The 
5-methyl group made 2 Pi-sigma contacts with Phe338 
and Tyr341 and a Pi-alkyl contact with Tyr337.

Analysis of the reference compound for hBChE shows 
that the docked propidium was deeply oriented in the 
active site of hBChE. The phenanthridinium ring was fit-
ted into the groove of the acyl-binding pocket (Fig.  5). 
The ring one of the phenanthridine moiety made a Pi-
donor hydrogen bond and a Pi–Pi T-shaped contact with 

Trp231, and the Ser198 residue formed an H-bond with 
the amino group of the same ring. A Pi-sigma and Pi–Pi 
T-shaped contact was observed between the first and sec-
ond rings with residues Leu286 and Phe329, respectively. 
A Pi–Pi T-shaped interaction stabilized the 6-phenyl 
moiety linked to the phenanthridinium ring with Tyr332 
of the P-Site. Glu197 and Trp82, respectively, formed an 
attractive charged interaction and a Pi-cation contact 
with the nitrogen atom of the azane moiety (Fig. 5). The 
oxygen of the benzofuran-2-one of dihydroactinidiolide 
formed a hydrogen bond with Tyr128 of hAChE. Trp82 
made 2 Pi-sigma contacts with the benzene ring of the 

Table 2 Identified compounds in the n‑hexane fraction of 80% methanol extract Gongronema latifolium 

RT retention time

S no. Name of phytocompound RT Formulae Molecular mass (g/
mol)

Area %

1 2,5‑Dihydro‑5‑methoxy‑2‑furanone 2.506 C5H6O3 114.1 0.52

2 Carbamic acid 3.726 CH3NO2 61.04 14.65

3 1,3‑Dimethyldiaziridine 3.876 C3H8N2 72.11 17.94

4 1‑Octanol, 3,7‑dimethylCyclopropane 4.502 C10H22O 158.28 27.65

5 1,4,7,10,13,16‑Hexaoxacyclooctadecane 5.133 C12H24O6 264.31 0.94

6 Urethane 5.396 C3H7NO2 89.09 2.65

7 2‑hydroxy2‑Propen‑1‑amine 5.696 C3H7NO 73.09 7.51

8 2,4‑Dimethylpentan‑3‑yl ethyl carbonate 6.453 C10H20O3 188.26 1.07

9 Hexanoic acid 7.085 C6H12O2 116.16 0.51

10 Cathinone 9.493 C9H11NO 149.19 0.10

11 Thymol 12.221 C10H14O 150.22 8.53

12 5‑Dodecene 12.471 C12H24 168.32 4.68

13 Dodecanoic acid, methyl ester 12.740 C13H26O2 214.34 2.34

14 1H‑Indole‑3‑ethanamine 12.809 C10H12N2 160.22 5.00

15 2(4H)‑Benzofuranone 13.203 C8H6O2 134.13 1.78

16 Methyl tetradecanoate 13.572 C15H30O2 242.4 1.27

17 Dihydroactinidiolide 14.047 C11H16O2 180.24 2.85

Fig. 3 Superimposed docked conformer of the native ligand on the extracted conformation of a propidium, b donepezil, c aminoquinoline 
compound 1. Green: co-crystalized ligand conformer and red: selected docked conformer 
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benzofuran-2-one aglycon and a Pi-sigma contact with 
the 4 methyl group. His438 formed three pi-alkyl con-
tacts with 4-methyl, 7-methyl and the benzofuran-2-one 
ring. The interaction between 1H-indole-3-ethanamine 
and hAChE was stabilized by two H-bonds. The nitrogen 

atom of the indole ring and that of the ethanamine moi-
ety formed two H-bonds with Glu197 and Tyr128. The 
indole ring was oriented toward the A-site, where His438 
and Trp82 formed 2 Pi-Cation and Pi-Pi stacking with 
the first and second rings of the indole ring, respectively.

Table 3 Binding energies of the GC–MS identified phytochemicals from the n‑hexane fraction of G. latifolium leaf extract and 
reference compounds that were docked in the active sites of human acetylcholinesterase, human butyrylcholinesterase and human 
β‑secretase and Aβ fibrils

S reference compound, hAChE human acetylcholinesterase, hBChE human butyrylcholinesterase, hBACE1 human β-secretase

S no. Compounds Binding energy (Kcal/mol)

hAChE hBACE1 hBChE hAβ fibrils

S2 DME601 − 6.7 − 7.7 − 5.3 − 6

S3 ED20 − 12.2 − 6.2 − 7.6 − 10.4

S4 Comp 1 − 7.6

17 Dihydroactinidiolide − 8 − 7.7 − 7.1 − 9.1

11 Thymol − 7.5 − 6.8 − 6.2 − 8.3

16 Methyl tetradecanoate − 7.2 − 6.2 − 5.4 − 8.5

14 1H‑Indole‑3‑ethanamine − 7.1 − 6.8 − 6.7 − 8.9

5 1,4,7,10,13,16‑Hexaoxacyclooctadecane − 6.8 − 2.8 − 6.6 − 8.4

10 Cathinone − 6.8 − 6.5 − 6 − 8.2

15 2(4H)‑Benzofuranone − 6.8 − 6.8 − 6.2 − 8.3

8 2,4‑Dimethylpentan‑3‑yl ethyl carbonate − 6.7 − 5.8 − 5.4 − 7.9

13 Dodecanoic acid, methyl ester − 6.4 − 6.2 − 5.5 − 7.7

12 5‑Dodecene − 6 − 6.2 − 5.3 − 7.1

9 Hexanoic acid − 5.7 − 5.1 − 4.8 − 7.1

1 2,5‑Dihydro‑5‑methoxy‑2‑furanone − 5 − 4.6 − 4.8 − 7

4 1‑Octanol, 3,7‑dimethylCyclopropane − 4.2 − 4.2 − 3.9 − 8.7

6 Urethane − 4.1 − 3.7 − 3.8 − 6.7

3 1,3‑Dimethyldiaziridine − 3.9 − 3.4 − 3.7 − 6.7

2 Carbamic acid − 3.4 − 3.2 − 3.1 − 6.5

7 2‑hydroxy2‑Propen‑1‑amine − 3.4 − 3.0 − 3.4 − 5.4

Table 4 Amino acid interactions of human acetylcholinesterase, human butyrylcholinesterase, human β‑secretase and human Aβ 
fibrils with the reference inhibitors and lead phytochemicals

hAChE human acetylcholinesterase, hAβ fibrils hAβ fibrils, hBChE human butyrylcholinesterase, hBACE-1 human β-secretase and

Protein Hydrogen bonds Hydrophobic Interaction

Numbers Interacted residues Numbers Interacted residues

Donepezil hAChE 1 Phe295 2 His447 Trp86 Trp286 Tyr341 Trp286 Phe338 Tyr337

Dihydroactinidiolide 1 Gly122 10 His447 Phe338 (3) Trp337 (3) Tyr341 (3)

Thymol 4 3 Trp86 (3) Tyr337 (3) Phe338 Tyr341

Propidium hBACE1 2 Ser198 Trp231 7 Tyr332 Phe329(2) Leu 286 Trp231 Trp82 Glu197

Dihydroactinidiolide Tyr128 3 Trp82 (2) His483 (2)

1H‑Indole‑3‑ethanamine 2 Tyr128 Glu197 6 Trp82 (2) His483 (2)

Compound 1 hBACE1 5 Asp32(2) Gly34Asp228(2) 8 Tyr71(5) Val69(2)Phe108

Dihydroactinidiolide 6 Trp76 6 Tyr71(4) Val69 Phe108

1H‑Indole‑3‑ethanamine 2 Phe108 Lys107 12 Leu30 Val69 Tyr71(3) Trp76 Trp115 Ile126 Tyr71(2) Trp76

Dihydroactinidiolide hAβ fibrils 1 Gln15 3 Ala21 Leu34 Val36

1H‑Indole‑3‑ethanamine AGln15 ALys15 AAla21 5 ALeu AGlu22 Aval36 Val36 Leu34
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Fig. 4 Amino acid interactions of lead GC–MS identified phytochemicals from the n‑hexane extract of Gongronema latifolium and reference 
inhibitor in the active site of hAChE a cartoon representation (S) surface‑accessible representation. The ligands are presented in stick representation 
as shown in colors b gold: donepezil, c red: dihydroactinidiolide, d purple: thymol
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Fig. 5 Amino acid interactions of lead GC–MS identified phytochemicals from the n‑hexane extract of Gongronema latifolium and reference 
inhibitor in the active site of human butyrylcholinesterase a cartoon depiction (S) surface‑accessible representation The ligands are presented 
in stick representation as shown in colors b gold: propidium (reference inhibitor), c purple: dihydroactinidiolide, d red: 1H‑Indole‑3‑ethanamine
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In a comparable pattern of binding, the lead phyto-
chemicals were positioned in the gorge of hBChE as 
propidium did. They interacted with the P-sites resi-
due Tyr332 (Tyr341 in hAChE) and the A-sites residues 
Trp82, Trp231 and Phe329 (which are, respectively, 
Trp86, Trp236 and Phe338 in hAChE). Amino acid 
residues Asp70 and Trp82 have been involved in the 
catalytic machinery of hBChE. Therefore, compounds 
that interact in a similar way with these residues, just 
like propidium, will inhibit the catalytic action of the 
human butyrylcholinesterase (Fig. 5).

The aminoquinoline (3-(2-amino-6-(3-methylpyri-
din-2-yl)quinolin-3-yl)-N-(3,3-dimethylbutyl)-2-meth-
ylpropanamide) reference compound (1) exhibited the 
same pose with the exact pattern as the co-crystallized 
compounds. The compound was oriented in the S1’ and 
S2’ subpockets of the protein while leaving the S3 and 
S3 subpocket (sp) accessible to hBACE1 (Fig. 6). Dihy-
droactinidiolide was accommodated in the same region 
as the reference inhibitor. The bonding was stabilized 
by the only carbon-hydrogen bond between the ben-
zene ring and Trp76 and several hydrophobic interac-
tions. 7α-Methyl group of dihydroactinidiolide formed 
two alkyl contacts with Val69 and Tyr71. Tyr71 made 
alkyl, Pi-Sigma and Pi-alkyl contacts to 4-methyl, 
4’-methyl groups and benzofuran-2-one rings, respec-
tively. The benzene ring of the benzofuran-2-one 
moiety interacted via pi-alkyl contact with Phe108 
of hBACE1. Two conventional hydrogen bonds were 
formed by the amino group of the 2-aminoethyl group 
that is linked to the indole ring of 1H-indole-3-ethan-
amine. The first and second rings of the indole moiety 
formed several Pi–Pi T stackings and Pi–Pi stackings 
with Phe108, Trp76 and Try71 residues, which are part 
of the flap region of BACE-1 (Fig. 6).

An exhaustive blind docking was performed around 
the pentameric Aβ fibrils (2BEG) in order to ascer-
tain potential high-affinity binding regions of the 
phytochemicals within the fibrils. The amino acid inter-
actions of the high binding region are represented in 
Table  4. Dihydroactinidiolide and 1H-indole-3-ethan-
amine interacted with the pentameric Aβ fibrils with 
the greatest binding affinity. Dihydroactinidiolide was 
stabilized in the fibril by a hydrogen bond to Gln15 
and alkyl interactions between the benzene ring of 
the benzofuran-2-one moiety and Ala21, Val36 and 
Leu34. The two amino nitrogens of the 2-aminoethyl 
group of 1H-indole-3-ethanamine formed 2 hydrogen 
bonds to Ala21A and Lys16A of the first fibril, while 
the nitrogen of the indole ring formed another hydro-
gen bond to Gly15A of the first fibril. The interaction 
in the indole ring was stabilized by several hydrophobic 
interactions, including Pi-sigma contact with Leu34, 

amide-Pi stacking with Ala21A and Pi-alkyl contacts 
with Ala21A, Leu34A and Val36A (Fig. 7).

Ensemble‑based docking interactions of phytochemicals 
with representative conformations from MD simulation 
trajectories of target proteins
In order to perform ensembled-based molecular dock-
ing analysis in which the GC–MS identified phytochemi-
cals were docked to various conformers of the unbound 
proteins that were obtained from the full 100 ns atomis-
tic MD simulation of the unbound hAChE, hBChE, and 
hBACE1, while a 500-ns MD simulation trajectory for 
hAβ fibrils [57] was used for the cluster investigation. The 
TTClust clustering analysis of the MDS trajectories of 
apo proteins produced 3, 4, 2 and 4 different clusters for 
hAChE, hBChE, hBACE1 and hAβ fibrils, respectively, 
from the different frames. From the generated clusters 
for each protein, a representative structure was generated 
and utilized in the ensemble docking investigation used 
for the cluster investigation.

The TTClust clustering analysis of the MDS trajec-
tories of apo proteins produced 3, 4, 2 and 4 different 
clusters for hAChE, hBChE, hBACE1 and hAβ fibrils, 
respectively, from the different frames. From the 
generated clusters for each protein, a representative 
structure was generated and utilized in the ensemble 
docking investigation used for the cluster investigation. 
The TTClust clustering analysis of the MDS trajecto-
ries of apo proteins produced 3, 4, 2 and 4 different 
clusters for hAChE, hBChE, hBACE1 and hAβ fibrils, 
respectively, from the different frames. From the 
generated clusters for each protein, a representative 
structure was generated and utilized in the ensem-
ble docking investigation. The mean binding energies 
of the phytochemicals for hAChE, hBChE, hBACE1 
and hAβ fibrils range from − 6.525 to − 3.6, − 6.833 
to − 3.5, − 6.2 to − 3.4 and − 6.325 to − 3.15 kcal/mol, 
respectively. From the ensemble-based docking analy-
sis, the top two phytochemicals with the highest bind-
ing energy were chosen as the lead phytochemicals 
for further interactive analysis. Dihydroactinidiolide 
(− 6.525 ± 0.895  kcal/mol) and 1H-Indole-3-ethan-
amine (− 6.475 ± 0.985  kcal/mol) were the lead phyto-
chemicals for hAChE. This was slightly different from 
the initial docking analysis, where thymol was the 
second-leading phytochemical for hAChE. Dihydroac-
tinidiolide and 1H-Indole-3-ethanamine were the lead 
phytochemicals for the three other protein targets, 
with − 6.833 ± 0.461 and − 6.466 ± 0.577  kcal/mol for 
hBChE, − 6.2 ± 0.845 and − 5.95 ± 0.353  kcal/mol for 
hBACE1 and − 6.325 ± 0.221 and − 5.925 ± 0.05  kcal/
mol for hAβ fibril. This is in accordance with the ini-
tial docking analysis. The complexes containing the 
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Fig. 6 Amino acid interactions of lead GC–MS identified phytochemicals from the n‑hexane extract of Gongronema latifolium and reference 
inhibitor in the active site of human BACE‑1 a cartoon illustration (S) surface‑accessible representation. The ligands are presented in stick 
representation as shown in colors b gold: compound 1 (reference inhibitor), c purple: dihydroactinidiolide, d red: 1H‑Indole‑3‑ethanamine
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Fig. 7 Amino acid interactions of lead GC–MS identified phytochemicals from the n‑hexane extract of Gongronema latifolium. The ligands 
are presented in stick representation as shown in colors a gold: 3D interactive view of dihydroactinidiolide; b red: 3D interactive view 
of 1H‑Indole‑3‑ethanamine. In the binding site 1 of Aβ fibrils. c Cartoon depiction of the best docked match of lead phytochemicals in the binding 
site 1 of Aβ fibrils
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representative conformer with the greatest binding 
affinity for the lead phytochemicals were selected for 
further interactive analysis. The interacting amino 
acids of the proteins with lead phytochemicals are 

presented in Table 5. The amino acid interactions with 
the lead phytochemicals in the selected cluster were 
similar to those observed from static docking (Fig. 8).

Table 5 The interactions of the 2 lead phytochemicals and reference inhibitors with the best representative structures from the cluster 
analysis

Protein Compound Binding 
energies (kcal/
mol)

H‑bonding Hydrophobic interactions

Number Residues Number Residues

hAChE Donepezil − 8.1 4 Cys145 His41 Leu167 Glu166 2 Met165 Pro168

Dihydroactinidiolide − 7.5 5 Gly143 Ala191 Thr26 1 Pro168(2), Leu167, Cys145

1H‑Indole‑3‑ethanamine − 6.9 3 Arg188 Thr190 Pro168 1 Leu167 Met165 Cys145

hBChE Propidium − 5.9 3 Cys270 Asn142 Gly271 2 Trp106 Asn109

Dihydroactinidiolide − 7.1 6 Gln269 Cys270 Ans267 Trp106 
His272 Asn109

4 Trp106 (2) Lys94 Ala107

1H‑Indole‑3‑ethanamine − 6.8 4 Gln269 Asn109 Cys270 Trp106 5 Lys92 Ala107 Trp93 Lys94 Lys105

hBACE1 Compound 1 − 6.8 4 Asp32 (2) Tyr71 Pro70 4 Tyr123 Trp197 Tyr198 Ile226

Dihydroactinidiolide − 6.8 1 Arg128 3 Trp197(3)

1H‑Indole‑3‑ethanamine − 6.2 2 Glu125 Tyr123 1 Trp197

hAβ Dihydroactinidiolide − 6.6 3 Gln15A Val18A Leu17A 4 Ala21C Phe19A Val24D Val18D

1H‑Indole‑3‑ethanamine − 6.6 3 Val18A Phe19D Ala21D 5 Val18D Ala21C Glu22C Leu17A
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Molecular dynamics simulation of lead complexes
Figure  9 shows the plots for the RMSD parameters of 
the three enzyme systems. The systems experienced 
equilibrated about 10 ns and continued with very mini-
mal fluctuations until the end of the simulation. The 
hAChE systems demonstrated the same pattern of RMSD 
with average RMSD values of 14428, 1.2623, 1.3821 and 
1.5512  Å for the apo enzyme, donepezil, dihydroacti-
nidiolide and thymol complexes, respectively (Fig.  9a). 
The hBChE systems had average RMSD values of 1.8590, 
1.6811, 1.4731 and 1.7323  Å for the unbound enzyme, 
propidium, dihydroactinidiolide and 1H_Indole_3_
ethanamine complexes, respectively (Fig.  9b). The sys-
tems for the BACE-1 enzyme had mean RMSD values of 
1.4234, 1.3948, 1.3539 and 1.4255 Å for the apo protein, 
compound 1, Indole_3_ethanamine and dihydroactin-
idiolide complexes, respectively, while the mean RMSD 
values for the hAβ are 4.8708 and 6.3524  Å for the apo 
and 1H_Indole_3_ethanamine (Fig. 9c). It was noted that 
the binding of the lead compounds to hAChE, hBChE 
and BACE-1 caused a decline in the mean RMSD amount 
when related to the unbound protein; the binding of 
1H-Indole-3-ethanamine to the hAβ fibril increased the 
mean RMSD value when compared to the unbound. 
The hAChE systems had a mean RMSF values of 0.8400, 
0.8064, 0.8349 and 0.8284  Å for the apo protein done-
pezil, dihydroactinidiolide and thymol (Fig.  10a). The 
hBChE system presented mean RMSF values 0.9531, 
0.8753, 0.8791 and 0.8745  Å for the apo enzyme, pro-
pidium, dihydroactinidiolide and 1H_Indole_3_ethan-
amine complexes (Fig.  10b). The apo enzyme for the 
BACE-1 systems presented average RMSF values of 
0.8464 Å, while the enzyme complexed with compound 
1, 1H-Indole-3-ethanamine and dihydroactinidiolide had 
0.7587, 0.8509 and 0.7780 Å as their mean RMSF values 
(Fig.  10c), while the apo and 1H-Indole-3-ethanamine 
hAβ systems had 2.8524 and 2.3222  Å as their mean 
RMSF value (Fig. 10d).

The RoG designs of the systems are shown in Fig. 11. 
The plots for the systems show a stabilized progression 
after equilibration throughout the time of the simula-
tion period, while the hBChE and BACE-1 systems pre-
sented minimal fluctuations. The hAChE presented 
is 23.1398, 23.1825, 23.1282 and 23.1209  Å for the 
unbound enzymes, donepezil, dihydroactinidiolide and 
thymol (Fig.  11a). The hBChE system presented mean 
RoG values 23.2362, 23.2114, 23.2216 and 23.2651 Å for 
the apo enzyme, propidium, dihydroactinidiolide and 
1H_Indole_3_ethanamine complexes (Fig.  11b). The 
apo enzyme for the BACE-1 systems presented aver-
age RoG values of 0. 21.3970 Å, while the enzyme com-
plexed with compound 1, 1H-Indole-3-ethanamine and 
dihydroactinidiolide had 21.3855, 21.4182 and 21.4056 Å 

as their mean RoG values (Fig.  11b), while the apo and 
1H-Indole-3-ethanamine hAβ systems had 14.9796 
and 14.9209 Å as their mean RoG values (Fig. 11d). The 
unbound proteins systems presented close of average 
RoG values to the bound system, indicating compactness 
of the protein structures was not negotiated by the bind-
ing of the lead phytochemicals.

Furthermore, the degree of solvent accessibility is 
measured from the SASA plots. Both SASA and RoG are 
used to the reliability of the folded protein. The computed 
mean SASS values for the hAChE systems are 22,909.43, 
23,156.54, 23,124.61 and 23,263.32 Å2 for the unbound 
enzyme, donepezil, dihydroactinidiolide and thymol 
(Fig. 12a). The hBChE system presented mean SASA val-
ues 23,313.53, 23,542.71, 23,355.29 and 23,313.53 Å2 for 
the apo enzyme, propidium, dihydroactinidiolide and 
1H_Indole_3_ethanamine complexes (Fig. 12b). The apo 
enzyme for the BACE-1 systems presented average SASA 
values of 17,671.03, while the enzyme complexed with 
compound 1, 1H-Indole-3-ethanamine and dihydroac-
tinidiolide had 17,660.65, 17,699.90 and 17,849.58 Å2 
as their mean SASA value (Fig.  12c), while the apo and 
1H-Indole-3-ethanamine hAβ systems had 8463.66 and 
8393.52 Å2 as their mean values. For all the four enzymes, 
the bound systems presented close SASA amounts when 
compared to the unbound protein.

The computed average number of H-bonds for the 
hAChE systems was 114.3826, 119.8561, 118.8002, 
113.3656 for the freed enzyme, donepezil, dihydroacti-
nidiolide and thymol. The mean number of H-bonds for 
the hBChE system is 123.9101, 122.3636, 123.9940 and 
127.4345 for the apo enzyme, propidium, dihydroac-
tinidiolide and 1H_Indole_3_ethanamine complexes. 
The average number of H-bonds for the BACE-1 sys-
tem is 91.17, 90.32, 91.50 and 88.13 for the apo enzyme, 
compound 1, 1H-Indole-3-ethanamine and dihy-
droactinidiolide bound complexes, while the apo and 
1H-Indole-3-ethanamine hAβ systems had 25.64 and 
26.43 (Fig. 13).

Molecular mechanics generalized born surface area 
(MMGBSA) analysis
The free energy of binding for the lead phytochemical to 
the corresponding protein targets was added using the 
MMGBSA methods. The results for hAChE, hBChE and 
BACE-1 and hAβ fibrils systems show that dihydroacti-
nidiolide had the greatest binding free energy compared 
to the other lead compound, although not as high as the 
reference compounds. The investigation of various com-
ponent of the total binding free energy is presented in 
Table 6. The breakdown of the total binding free based on 
contributory amino acid and the energy changes of the 
system throughout the simulation time of 100 ns is given 
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in Figs. 14, 15, 16 and 17. It was noted that the interacting 
residues during the static docking were majorly involved 
in the contribution to the total binding free energy. 
Amino acid residues that contributed atleast − 0.5  kcal/
mol to the e total binding free energy for each system are 
listed below. 4EY7_dihydroactinidiolide (Trp82, Tyr124, 
Phe295, Phe297, Phe388, Tyr341); 4EY7_Thymol (Trp82, 
Val294, Arg296, Phe297, Tyr341) (Fig.  14); 6EP4_Dihy-
droactinidiolide (Val331, Tyr332, Trp340, Met434, 
Met437); 6EP4_1H-Indole-3-Ethanamine (G117, Leu286, 
Phef329, Tyr332) (Fig.  15); 5I3V_Dihydroactinidiolide 
(Leu30, Gln73, ILE110) (Fig.  16) and 2BEG_1H-Indole-
3-Ethanamine (Ala21, Asp23, Ile32) (Fig. 17).

In silico drug‑likeness and pharmacokinetic properties of top 
docked steroidal saponins
The three lead phytochemicals that were obtained from 
the docking and ensemble-based docking investigations 
were further evaluated in silico for predictive drug-like-
ness and ADMET (Absorption, Distribution, Metabo-
lism, Excretion, and Toxicity) analyses over a wide range 
of filters and molecular descriptors. The results obtained 
from these analyses are represented in Table  7. Dihy-
droactinidiolide and 1H-Indole-3-ethanamine satis-
fied the requirements for the four drug-likeness filtering 
analyses (Lipinski, Veber, Ghose, and Egan), indicating 
that they are highly druggable, while thymol fulfilled 
the requirements for three of the filters of drug-likeness 
(Lipinski, Veber, Egan). The optimal range of the physi-
ochemical parameters as provided by ADMETlab 2.0 is 
represented in Fig. 18 [58]. The three leading phytocom-
pounds showed high gastrointestinal absorption, thereby 
suggesting high bioavailability. They showed the ability to 
traverse the brain-blood barrier, which is an important 
property of neurodegenerative drugs (Table  6). Dihy-
droactinidiolide, 1H-Indole-3-ethanamine and thymol 
were projected to be negative substrates of the P-glyco-
protein with high plasma protein binding inclinations. 

The effects of the lead phytochemicals on stage I drug 
metabolism in the liver were also analyzed using a wide 
range of molecular cytochrome P450 descriptors. The 
lead phytochemicals are projected not to show inhibi-
tory potential for the cytochrome P450 descriptors. The 
predictive analysis further recommended that the lead 
phytochemicals were not mutagenic or carcinogenic 
and would not provoke skin sensitization. The predicted 
 LD50, clearance rate and half-life of the lead phytochemi-
cals were in a satisfactory range (Table 7).

Discussion
The ethnobotanical use of Gongronema latifolium is for 
treating various forms of neurological disorders and evi-
dence from the reported ethnopharmacological activities 
of different extracts of the leaf [30, 59]. Herein, we per-
formed extraction of the methanol extract of the leaves, 
solvent–solvent partitioning of the methanol extract, 
monoamine and cholinesterase enzyme inhibitory assays, 
GC–MS profiling and numerous computational methods 
to decipher the possible neurotherapeutic constituents 
in the n-hexane partition fraction of Gongronema latifo-
lium leaf. The concentration-dependent AChE and BChE 
inhibitory activities of the n-hexane solvent partition 
fraction (HF) of the methanol extract were in agreement 
with previous studies on the same leaf [30, 59]. Fur-
thermore, it was observed that the HF of the methanol 
extract presented a higher percentage inhibition of the 
BChE compared to the AChE; this is desirable because, in 
the late stage of AD in humans, the predominating cho-
linesterase is BChE [60]. Additionally, the inhibition of 
BChE activity has been reported to decelerate the forma-
tion of neurotoxic plaques, which are implicated in the 
development of AD [61].

The GC–MS analysis of the HF of Gl extract showed 
that cambamic acid, 1,3-dimethyldiaziridine and 
1-octanol, 3,7-dimethylcyclopropane were the most 
abundant compounds. Although several studies have 

Table 6 Mean and SD of different energy constituents of the binding free energy of lead phytochemicals to respective proteins

System ΔVDWAALS ΔEEL ΔEGB ΔESURF ΔGGAS ΔGSOLV ΔTOTAL

4EY7_dihydroactinidiolide − 25.4 ± 2.16 − 11.64 ± 3.83 22.12 ± 3.50 − 3.46 ± 0.18 − 37.04 ± 5.08 18.66 ± 3.44 − 18.38 ± 2.60

4EY7_ Donepezil − 44.37 ± 2.80 − 6.31 ± 4.07 35.42 ± 4.31 − 6.07 ± 0.32 − 50.68 ± 5.51 29.35 ± 4.15 − 21.33 ± 3.19

4EY7_Thymol − 21.96 ± 2.74 − 7.35 ± 4.31 16.82 ± 2.51 − 3.12 ± 0.27 − 29.31 ± 3.87 13.7 ± 2.51 − 15.61 ± 2.47

6ep4_1H‑Indole‑3‑ethanamine − 21.57 ± 2.08 − 5.06 ± 4.36 19.72 ± 3.98 − 3.04 ± 0.26 − 26.63 ± 4.40 16.68 ± 3.95 − 9.95 ± 2.24

6ep4_Dihydroactinidiolide − 19.84 ± 2.80 − 4.12 ± 6.91 11.84 ± 6.25 − 2.82 ± 0.37 − 23.96 ± 7.91 9.01 ± 6.13 − 14.95 ± 3.47

6ep4_ Propidium − 26.51 ± 5.26 − 197.43 ± 32.76 210.53 ± 35.75 − 4.23 ± 0.88 − 223.94 ± 36.58 206.3 ± 35.08 − 17.64 ± 3.93

5i3v_Comp 1 − 41.34 ± 2.87 − 18.02 ± 3.90 45.98 ± 4.47 − 5.58 ± 0.36 − 59.37 ± 5.26 40.4 ± 4.21 − 18.96 ± 2.86

5i3v_Dihydroactinidiolide − 18.3 ± 1.97 − 9.91 ± 5.70 18.09 ± 4.98 − 2.81 ± 0.28 − 28.21 ± 6.43 15.27 ± 4.90 − 12.94 ± 2.61

2beg_1H‑Indole‑3‑ethanamine − 20.64 ± 2.23 − 181.49 ± 18.83 191.43 ± 16.86 − 3.39 ± 0.15 − 202.14 ± 18.55 188.05 ± 16.84 − 14.09 ± 3.19
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Fig. 14 MMPBSA free energy breakdown of residues within 10 Å of hAChE complexed with a donepezil, b dihydroactinidiolide, c thymol
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Fig. 15 MMPBSA free energy decomposition of residues within 10 Å of hBChE complexed with a propidium, b dihydroactinidiolide, c 
1H‑Indole‑3‑ethanamine
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reported the GC–MS chemical investigation of metha-
nol extract of the leaf [62], ethanol extract from Soxhlet 
[63], methanol mixed with dimethyl sulfuroxide extract 
[64], freshly mild and air-dried [65]. This is the first study 
to report the GC–MS analysis of a n-hexane-partitioned 
fraction of the methanol extract of Gl leaf. The method-
ology used may have given rise to some identified com-
pounds that have not been previously reported.

The advent of computational structure-based docking 
experiments has aided in the prediction of the best mode 
of interaction between two ligands and target receptors 
by employing binding mode analysis and scoring func-
tions to evaluate noncovalent interactions [66]. An inten-
sive interactive analysis was performed on the selected 
docked conformations of the phytochemicals and their 
respective targets by comparing the modes of interaction 
with the co-crystallized ligands and known inhibitors of 
these enzymes. The catalytic mechanism of these inhibi-
tors in relation to important residues of the enzymes 

and their implication in the inhibition of the activity of 
the enzymes has been documented [67–69]. The result 
from the initial docking analysis presented dihydroac-
tinidiolide and 1H-Indole-3-ethanamine as having the 
highest multiple binding tendencies to hBChE, hBACE-
1and hAβ fibrils proteins, while dihydroactinidiolide and 
thymol were the leading phytochemicals for hAChE. The 
lead phytochemicals were found housed in the thin, long, 
hydrophobic gorge of hAChE and hBChE in comparable 
binding patterns as donepezil [70], The lead phytochemi-
cals interacted with the catalytic triad residues (Ser203, 
His447 and Glu334) and additional aromatic residues 
that project into the catalytic gorge [71], especially those 
of peripheral anionic site (P-site) residues that are posi-
tioned at the rim of the gorge and offer allosteric and 
inhibitors a binding site [69]. The lead phytochemicals 
also intermingled with the anionic choline-binding site 
residues (Trp86, Phe331 and Tyr334), among which 
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Fig. 16 MMPBSA free energy decomposition of residues within 10 Å of BACE‑1 complexed with a Comp 1, b dihydroactinidiolide
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Trp86 and Try337 have been described as vital for the 
inhibition of the hAChE enzyme [67, 72].

The variation in the number of aromatic residues in the 
gorge of both hAChE and hBChE enzymes has been the 
major determinant of the difference in their ligand bind-
ing specificity; out of the total number of aromatic amino 
acid residues in hAChE, only 4 are present in the hydro-
phobic gorge of hBChE [73]. This may have informed the 
reason for selective binding of thymol to the hAChE.

Besides the strong binding tendencies to the cholinest-
erase enzymes, dihydroactinidiolide and 1H-Indole-
3-ethanamine displayed comparative binding affinity for 
the active site residues of human beta-site APP cleaving 
enzyme1 (BACE1) to the reference co-crystallized inhibi-
tor. Dihydroactinidiolide and 1H-Indole-3-ethanamine 
firmly accommodated in the binding cleft of the enzyme. 
Blocking the substrate binding cleft of the enzyme that 
contains the catalytic dyad (Asp32/Asp228) at the center 
of the cleft and is covered by a β-hairpin loop [74] has 
been reported as the best mode of inhibiting the catalytic 
activity of the enzyme [75]. Also, the lead phytocom-
pounds interacted with the flip residues of the binding 
site of the enzyme, which has been stated to change the 
conformation of the entrance of the binding cleft, thereby 
blocking the substrate from accessing the cleft [76, 77]. 
Furthermore, dihydroactinidiolide and 1H-Indole-
3-ethanamine interacted strongly with important resi-
dues of the Aβ fibrils. Previous studies have shown that 
the monomorphic Aβ comprises a residual structure 
with three discrete areas: the dominant hydrophobic 
region (Leu17–Ala21), the second hydrophobic region 

(Gly29–Met35) and the loop (Asp23–Lys28) region [78], 
which is bonded by inter-strand between remains that 
steady the structure [79]. Compounds that relate to these 
important amino acid remains that are located in the 
hydrophobic cores have been described to interrupt the 
accumulation of fibrils [80].

Ensemble-based molecular docking methodology, in 
which the test ligands are docked to several matches of 
the targeted enzymes, usually gotten from MD simula-
tion, has recently been inaugurated as a better in-depth 
assessment of molecular docking [81]; interestingly, the 
outcome from the ensemble-based docking analysis col-
laborated with the initial docking analysis, further indi-
cating that regardless of the change in conformation, 
the lead phytochemicals were able to interact with the 
active site amino acid residues. This result was further 
supported by the binding free energy computation and 
disintegration of binding free energy based on individual 
interacting amino acids. The interactions with catalytic 
residues that were detected in the static docking analysis 
were maintained in the dynamic docking computation. 
The structural integrity and flexibility of the lead phy-
tochemicals from the docking analysis complexed with 
respective protein targets were likened to the apo protein 
make-up through the analysis of the MD simulation tra-
jectories. The analysis of RMSD plots reveals the degree 
of departure of frames generated during simulation from 
the original structure; therefore, this analysis can be 
used to measure the stability of the various systems in 
the dynamic environment [82]. It was discerned that the 
binding of the lead compounds to hAChE, hBChE and 
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Table 7 In silico drug‑likeness and ADMET parameters of the top two docked phytochemicals

ADMET absorption, distribution, metabolism, elimination, and toxicity, BBB blood–brain barrier, GI: CYP cytochrome P450, P-gp permeability glycoprotein, hERG 
human Ether-à-go-go-Related Gene, Gastro-intestinal, H-HT human hepatotoxicity AMES, HIA human intestinal absorption, DILI drug-induced liver injury, VD volume 
distribution, Ames mutagenicity, PPB plasma protein binding

Dihydroactinidiolide 1H‑Indole‑3‑ethanamine Thymol

Molecular weight (g/mol) 180.24 160.22 150.22

Num. arom. Heavy atoms 0 9 6

Num. heavy atoms 13 12 11

Num. H‑bond acceptors 2 1 1

Num. rotatable bonds 0 2 1

Hydrogen bond donor 0 2 1

cLogP 2.29 1.54 2.32

Molar refractivity 51.35 50.78 48.01

TPSA (Å2) 26.30 41.81 20.23

Drug-likeness

Lipinski Yes Yes Yes

Veber Yes Yes Yes

Ghose Yes Yes No (MW < 160)

Egan Yes Yes Yes

Bioavailability score 0.55 0.55 0.17

Absorption (probability)

(b) Admet SAR

HIA HIA + (1.0) HIA + (0.767) HIA + (0.805)

Blood–brain barrier BBB + (0.9545) BBB + (0.939) BBB + (0.0568)

P‑glycoprotein substrate Negative (0.5333) Negative (0.279) Negative (0. 037)

Caco‑2 permeability Cm/s Caco2 + (0.6787) Caco2 + (0.066) Caco2 + (0.576)

Distribution (probability)

PPB % 64.639 53.854 80.06

Metabolism (probability)

CYP450 1A2 inhibitor Negative (0.563) Positive (0.968) Positive (0.799)

CYP450 1A2 substrate Negative (0.408) Positive (0.556) Positive (0.566)

CYP450 3A4 inhibitor Negative (0.866) Negative (0.205) Negative (0.118)

CYP450 2C9 inhibitor Negative (0.900) Negative (0.049) Negative (0.337)

CYP450 2C9 substrate Negative (0.8401) Negative (0.607) Negative (0.643)

CYP450 2C19 inhibitor Positive (0.5211) Negative (0.122) Negative (0.735)

CYP450 2C19 substrate Negative (0.452) Positive (0.452) Positive (0.491)

CYP450 2D6 inhibitor Negative (0.922) Negative (0.9022) Negative (0.386)

CYP450 2D6 substrate Negative (0.922) Negative (0.505) Positive (0.72)

Elimination

T1/2 (half life time) 0.013 h 1.216 h 1.313 h

CL (clearance rate) mL/min/kg 13.57 2.29 2.235

Toxicity

hERG blockers Negative (0.235) Negative (0.222) Negative (0.899)

AMES Negative (0.937) Negative (0.933) Negative (0.928)

Carcinogen Negative (0.918) Negative (0.925) Negative (0.719)

SkinSen Negative (0.713) Negative (0.236) Negative (0.235)

LD50  (LD50 of acute toxicity) 1.948 ‑log mol/kg (2031.74 mg/kg) 2.497 ‑log mol/kg (510.172 mg/kg) 2.705 ‑log mol/
kg (507.65 mg/
kg)
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BACE-1 caused a reduction in the mean RMSD when 
likened to the free protein, showing that the binding of 
the lead compound enhanced the strength of the system 
[82]. But the binding of 1H-Indole-3-ethanamine to the 
hAβ fibril increased the mean RMSD value coupled with 
the large fluctuations that were observed between 10 and 
80  ns during the period of simulation, further signify-
ing a major restructuring of the structures and a disrup-
tion or destabilization of the assembled Aβ fibrils [57]. 
Furthermore, the flexibility of the individual remains of 

the protein system was measured from the RMSF plots 
and mean values. During the period of simulation, the 
passage of a subset of atoms, in relation to the entire 
structure over the total simulation, can be measured 
from the RMSF plots. Also, there are spikes that appear 
at the C and N terminal ends of the proteins as a result 
of the terminal motions [82]. The various adaptations 
in flexibility lie primarily in the areas or residues of the 
order that impact the conformational steadiness of the 
Aβ fibrils complex [83]. The reduction in RMSF values 

Fig. 18 The radar plot of in silico physicochemical of top docked phytochemical from the docking analysis a dihydroactinidiolide, b 
1H‑Indole‑3‑ethanamine, c thymol. The radar plot shows the physicochemical properties of the phytochemical (in blue) and the reference optimal 
scope (in red and yellow)
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in the complexes compared to the freed protein shows 
more compressed complexes, unlike the 1H-Indole-
3-ethanamine that increased the fluctuation around resi-
due numbers 18–21 and the corresponding mean RMSF 
value, signifying a change in conformation with hAβ 
fibrils. The results from the RoG, SASA and number of 
hydrogen atoms show that the integrity and compactness 
of the hAChE, hBChE and BACE-1 structures were not 
compromised by the binding of the lead phytochemicals 
[82, 83]. The result obtained from the four drugability 
filtering analyses shows that the lead phytocompounds 
have favorable pharmacokinetic properties with good 
bioavailability [84, 85]. The result obtained from the four 
drugability filtering analysis shows that the lead phyto-
compounds have favorable pharmacokinetic properties 
with good bioavailability [86–89]. Among the various in 
silico predictive molecular descriptors for toxicity that 
were examined, the hERG channel plays a vital role in 
the repolarization and cessation stages of action capac-
ity, especially in cardiac cells. Inhibitors of the hERG out-
let have been reported to cause cardiotoxicity [90]. The 
lead phytochemicals (dihydroactinidiolide, 1H-Indole-
3-ethanaminea and thymol) did not present the tenden-
cies of being hERG outlet blockers, signifying that they 
may not trigger hERG channel-related cardiotoxicity [90, 
91]. This may have been responsible for their predicted 
nonhuman hepatotoxicity [92]. Also, using the numerous 
cytochrome P450 descriptors, the effect of the lead com-
pounds on phase I drug metabolism was investigated. 
The lead phytochemicals established less inhibitory abil-
ity for the diverse cytochrome P450; hence, they may not 
adversely affect phase I drug metabolism to a large extent 
[91]. The lead phytochemicals were further predicted 
to have good human intestinal absorption and bioavail-
ability, specifying that they may be administered through 
the oral route [93]. The lead phytocompounds did not 
present AMES mutagenicity, drug-induced liver injury 
or carcinogenicity; hence, they may not cause cellular or 
genotoxicity [94]. The BBB is known as a barricade shield-
ing the brain via a ‘physical’ barricade and a ‘biochemical’ 
blockade that is comprised of dynamic efflux and several 
enzymatic activities [95] that serves as an essential fence 
between the systemic circulation and CNS. This has been 
one of the greatest challenges in CNS drug delivery [96]. 
Among the numerous molecular descriptors that were 
studied in silico, the lead phytochemicals presented the 
tendencies of crossing the blood–brain barrier (BBB) 
which help to specify that the compounds can get to the 
brain or CNS where they exercise their neuroprotective 
role [97]. The multi-target inhibitory potential of the lead 
phytochemicals against hAChE, hBChE and BACE-1 and 
the fibril-disruptive tendencies, coupled with the poten-
tial to cross the BBB, show hopeful drug candidates that 

can be useful for managing or treating neurodegenerative 
diseases such as AD.

Comparing the results obtained from this study, it is 
interesting to observe that in a recent and related study 
on Trachyandra laxa (N.E.Br.), a tumbleweed, dihydroac-
tinidiolide was suggested to be one of the neuroprotec-
tive constituents of the plant [98]. Dihydroactinidiolide, 
an α,β-unsaturated lactone that is usually found in nature 
as a yield of carotenoids degradation [99] has been previ-
ously reported to inhibit AChE with an IC50 34.03 nM, 
with good DPPH and (.NO) hunting activity, coupled 
with the ability to significantly prevent amyloid β25–35 
self-accumulation and promote its separation [100]. In 
the same vein, 1H-Indole-3-ethanamine is also known as 
tryptamine, and several derivatives have been described 
to have cholinesterase inhibitory activities with neuro-
protective and β-secretase inhibitory and β-amyloid (Aβ) 
aggregation activities [101–105]. Also, thymol has been 
reported to have in vitro acetylcholinesterase [106–108]. 
In a similar study design as our present study, which 
involves in  vitro acetylcholinesterase inhibitory activity, 
GC–MS chemical profiling and in silico studies, thymol 
was identified as one of the cholinergic inhibitors in Lip-
pia thymoides [109].

Conclusion
Herein, we employed in vitro anti-cholinergic and mon-
oamine oxidase inhibitory activities, GC–MS chemical 
profiling and in silico approaches to identify poten-
tial neuroprotective phytochemicals from the n-hex-
ane solvent partition fraction of methanol extracts of 
Gongronema latifolium. The solvent fraction demon-
strated concentration-dependent cholinergic inhibitory 
activities. Molecular docking analysis of the GC–MS 
identified compounds identified dihydroactinidiolide, 
1H-Indole-3-ethanamine with multi-target inhibitory 
tendencies against hAChE, hBChE and BACE-1 in 
addition to fibril-disruptive tendencies. Both ensemble-
docking and binding free energy based on MMPBSA 
computation confirmed the strong interaction of the 
lead phytochemicals with catalytic residues of the tar-
get proteins. The ligand–protein complexes were sta-
ble during the period of MD simulation. The favorable 
drug-likeness and ADMET properties, in addition to 
the capability to cross the BBB, suggest these phyto-
compounds as promising drug candidates that can be 
useful for managing or treating neurodegenerative dis-
eases such as AD. The lead phytochemicals, in part or 
in synergy, may be responsible for the neuroprotective 
activities of Gongronema latifolium leaf. These com-
plexes can serve as potential lead compounds for the 
development of drugs to counter neurodegenerative 
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diseases; they are therefore recommended for further 
studies (Additional file 1).
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