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Datura stramonium, Moringa oleifera and Carica papaya are common plants in Nigeria that
have been reported to possess some psychoactive effects. However, the interactions of their
alkaloids with the molecular targets of common psychoactive compounds are not well
established. This study assessed the interactive potentials of alkaloids from these plants with
o452 nicotinic acetylcholine receptor (a452 nAChR) of nicotine from Nicotiana tabacum and
the cannabinoid receptor 1 (CB1) of delta-9-tetrahydrocannabinol (THC) from Cannabis sativa.
Protein structures were retrieved from Protein Data Bank while PubChem was used to obtain
ligand structures. Molecular docking using UCSF Chimera determined the binding affinity of
protein-ligand complexes, followed by molecular dynamics simulations to evaluate root mean
square deviation and radius of gyration. ADMET analysis was performed using SwissADME
and ProTox-11. Notably, apoatropine, hyoscyamine, and 34,6&-ditigloyloxytropane from D.
stramonium exhibited stronger o452 nAChR binding effects, compared to nicotine, and had CB1
binding affinities similar to THC. Among these high-affinity binding compounds, apoatropine
maintained the most stable and compact structural conformation, relative to nicotine and THC.
ADMET analysis indicated propitious physicochemical and drug-like properties for all plant-
based alkaloids except N, a-L-rhamnopyranosyl vincosamide from M. oleifera and apoatropine,
which were predicted to be carcinogenic. Additionally, over 50% of the plant-based alkaloids
assessed are blood-brain barrier permeant, implying their propensity to mediate CNS effects. It
is pertinent to regulate the use of these plants, particularly in tropical regions like Nigeria, where
they are widely cultivated, consumed, and likely explored for recreational purposes based on
their psychoactive effects.

Keywords: Binding affinity, Cannabinoid receptor 1, Nicotinic acetylcholine receptor,
Pharmacokinetics, Plant-based alkaloids, and Psychostimulants.

Introduction

These interactions have been implicated in many of the adverse effects
of tobacco and cannabis consumption as social stimulants, ranging

Using plants for non-medical purposes has significant
public health consequences.” ? Plants belonging to this category
include those used for recreational purposes, such as Cannabis sativa
(cannabis) and Nicotiana tabacum (tobacco), producing mental
sensations for users.* * The most common class of bioactive
compounds associated with the psychostimulatory effects of plants are
alkaloids.>® Examples are the well-known nicotine and delta-9-
tetrahydrocannabinol (THC), which are found in tobacco and
cannabis, respectively.>” THC exerts its psychoactive effects by
binding to cannabinoid receptor 1 (CB1) which has a widespread
distribution in the brain,® whereas nicotine interacts with neuronal
alpha 4 beta 2 nicotinic acetylcholine receptor (a4/2 nAChR).®
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from physical (respiratory, cardiovascular, stomatological and
endocrine) to psychological (cognitive impairment, psychosis, anxiety
and affective disorders, withdrawal symptoms, and substance
dependence (DSM-5; 1CD-10)),"** calling for their controlled use.
Datura stramonium, Moringa oleifera and Carica papaya are plants
common in Nigeria that are growing in recreational relevance due to
their psychoactive effects.® The reported mechanisms of action of the
psychoactive properties of these common Nigerian plants majorly
focus on their neuroactive and neurotoxicity properties.® However,
there are no reports on the binding interactions of psychoactive
alkaloids derived from these plants with well-known neuronal targets
such as CB1 and nAChR. Gaining knowledge of these binding
interactions could provide an insight into other probable mode of
action of the psychoactive effect experienced with the recreational use
of these plants and justifiable reasons for government legislation of
use of these plants.

Control of recreational plants and their products varies from one
jurisdiction to the other; with some countries such as Nigeria adopting
more stringent control measures and enforcing legislatures to prevent
and criminalize the use of cannabis for medicinal and recreational
purposes.** Other control measures in Nigeria enforced by the
National Drug and Law Enforcement Agency (NDLEA) target the
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cultivation, possession, trafficking/distribution and sale of cannabis.
This cannabis regulation by NDLEA includes penalties of up to 6
months in prison or fines for violators, and court-ordered treatment
options for minors.***® Current Nigerian tobacco control laws, on the
other hand, are consistent with World Health Organization (W.H.O)
policies to reduce its harmful use, such as prohibitions on tobacco
marketing, advertising, and sponsorship, smoking bans at indoor
workplaces and public spaces, and public campaigns highlighting the
dangers of tobacco consumption and secondhand inhalation.*’
However, the proliferation in the recreational use of some (medicinal)
plants makes their control difficult. This is attributed to several
factors, including the ease of synthesizing new products from parent
compounds,*® legalization of their use for non-medical/medical
purposes in some countries,™* and deliberate attempts by producers to
circumvent regulatory policies, especially in low- and middle-income
countries.”® Additionally, natural products are widely believed to
possess little or no deleterious side effects, and some plants that are
not well classified as possessing psychoactive properties but serve as
food sources may not receive as many regulatory measures as their
counterparts with well-known psychostimulatory effects.®> Another
serious concern is that plant-derived alkaloids that are used for
recreational purposes could exert psychoactive effect by interacting
with known receptors of natural psychoactive compounds, just like
synthetic cannabinoids, cathinones, and opioids, amongst others,
serving as sources of new psychoactive substances (NPS), which are
now highly in use indiscriminately with no legal restriction. Plant-
based NPS are mainly alkaloids that provide sensation and different
mental states to the user when consumed.’® Identification and studies
of the NPS are majorly focused on Europe, America, and Asia
excluding Africa. The European Monitoring Centre for Drugs and
Drug Addiction (EMCDDA) reported a spike in the use of NPS in
2019, however, there is a dearth of reports on the use and sources of
NPS of African origin.’® Nonetheless, the use of NPS is also growing
in numbers in Nigeria based on social-cultural belief, availability, and
accessibility, mainly because most of them are plant-based and are
sourced locally and freely.”

The study aims to determine the pharmacokinetics and toxicity
properties of alkaloids obtained from D. stramonium, M. oleifera, and
C. papaya, and assess their binding interactions with CB1 and a4/52
nAChR. Notably, it is the first to analyze the interactions of these
psychoactive alkaloids with these well-known targets of THC and
nicotine. By employing molecular docking, molecular dynamics (MD)
simulation, and in silico ADMET analysis, this research addresses the
limitations of traditional biochemical assays, which are often time-
consuming and costly.”> # These computational approaches provide
precise predictions of ligand-receptor interactions and stability, % as
well as reveal the pharmacokinetics and toxicity profiles of the
compounds 2 %, offering a robust framework for future research and
regulatory policies.

Methods

Identification and preparation of CB1 and a442 nAChR proteins

CB1 and o452 nAChR were downloaded from Protein Data Bank
(PDB).? The proteins, CB1 and 452 nAChR, with PDB IDs 5U09
and 5KXI, respectively, were prepared by removing hetatoms, and
water molecules, followed by the addition of polar hydrogens and
charges using Biovia Discovery Studio 4.5  software
(https://discover.3ds.com/discovery- studio- visualizer- download).?
Using the integrated Antechamber and AMBER ff14SB in UCSF
Chimera v.1.17.3, Gasteiger charges were computed, and the energy
of the protein backbone was minimized. %’

Identification and preparation of compounds for docking

Alkaloids from Datura stramonium (apoatropine (CID: 12306866),
3a,6a-ditigloyloxytropane (CID: 129856412), aposcopolamine (CID:
3083622), hyoscyamine (CID: 154417), scopolamine (CID: 3000322),
tigloidin ~ (CID:  12444363));  Moringa  oleifera  (N-(4-
hydroxyphenyl)acetamide (CID: 1983), N, alpha L rhamnopyranosyl
vincosamide  (CID: 71717770), pyrrolemarumine  4"-O-o-L-
rhamnopyranoside (CID: 101794622)); and Carica papaya (carpaine
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(CID:  442630), dehydrocarpaine 1 (CID:  131750991),
dehydrocarpaine Il (CID:131750992)) were retrieved from PubChem
in their 3D-structured data format (SDF).?® Similarly, 3D-SDF
conformations of reference alkaloids including Delta 9 THC (CID:
16078) and nicotine (CID :89594), as well as synthetic psychoactive
compounds ABT-594 (CID: 3075702), CB 47497 (CID: 125835),
JWH-018 (CID: 10382701), RCS-4 (CID: 56841530), UB-165 (CID:
4694339), and XLR-11 (CID: 57501498), were retrieved from
PubChem. Spartan ’14 (Wavefunction Inc., Irvine California, USA)
was used to model the ligands for docking. Using the integrated
Hartree-Fork basis in Spartan ’14, geometry optimization and energy
minimization were performed. The compounds were saved in PDB
format and prepared by adding polar hydrogen and Gasteiger
charges.?

Molecular docking

Site-specific docking was performed using AutoDock Vina®*
integrated with UCSF Chimera v.1.17.3. The docking method was
validated by first extracting the co-crystallized/standard ligands (THC
and nicotine) and then redocking them precisely into the active sites of
their corresponding proteins, maintaining the original grid parameters
(5U09-THC: x= 21.0561, y= 2.0225, z= -10.7851; and 5KXI-nicotine:
x= 75.8315, y= 19.7954, z= -26.4367) and protocols throughout the
process. The binding energies of the complexes were subsequently
generated and recorded.

Molecular dynamics (MD) simulation

GROMACS v.2018.6 (GROningen MAchine for Chemical
Simulations) MD environment was utilized to set up the simulations
for the protein complexes,® involving 5KXI (5KXI-nicotine, 5KXI-
apoatropine, and 5KXI-hyoscyamine) and 5U09 (5U09-Delta 9 THC,
5U09-apoatropine, and 5U09-3a,6a-ditigloyloxytropane). The protein
topology was computed using the TIP3P CHARMM-modified water
model* and the CHARMMS36 all-atom force field.® Meanwhile,
CGENFF web server® and the Avogadro software® were employed to
prepare ligand topology, generating “.str” files and “.mol2”
respectively, which were then manually updated to incorporate ligands
using GROMACS commands. Each system was ionized and
neutralized before the additional solvation step produced with the
TIP3P CHARMM-modified water model. Stabilization of the system
conformation was achieved by carrying out energy minimization for
100 ps using descending algorithm at the steepest level. This was
followed by a two-phase equilibration: NVT equilibration from 0 to
310 K over 100 ps with a 2 fs time step using the Verlet algorithm,
and NPT equilibration for 100 ps with a 2 fs time step using the
Berendsen algorithm *. The “trjconv” module was applied to maintain
the protein in a central position and compact form, ensuring atoms
remained within periodic boundary condition (PBC). Upon
equilibrating the system, MD simulations were performed for 20 ns
with no restraints, employing an integration time step of 2 fs while
recording trajectory snapshots every 1 ps. The MD trajectories were
subsequently analyzed for key metrics such as the Radius of Gyration
(ROG), and Root Mean Square Deviation (RMSD), while the Qtgrace
software (https://sourceforge.net/projects/gtgrace/) was employed to
plot the graph spectrum.*

Analysis of ligand-protein interactions
The 2D and 3D images of protein-ligand interactions were captured
using Biovia Discovery Studio Visualizer 4.5.%

Absorption, Distribution, Metabolism, Excretion and Toxicity
(ADMET) Analysis

The compounds' canonical smiles were obtained from PubChem using
their CIDs and then submitted to the SwisSADME server; a
comprehensive, user-friendly, and free tool for evaluating chemical
ADME properties.*” ProTox-11 was used to perform toxicity testing for
Ames mutagenicity and carcinogenicity.®

Results and Discussion
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Binding affinity predictions are crucial in determining how chemical

compounds interact with their targets to elicit biological effects.

39,40 D

stramonium alkaloids - apoatropine and hyoscyamine - ranked higher

Table 1: Binding energies in Kcal/mol of the interactions of psychoactive compounds with neuronal protein targets.
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in binding affinity with a482 nAChR than other plant alkaloids, the
reference nicotine, and synthetic psychoactive compounds (Table 1).

SIN Psychoactive Compounds Cannabinoid Receptor | Human Alpha 4 Beta 2 Nicotinic
(CB1) Acetylcholine Receptor (a4/2
nAChR)

Alkaloids from well-known psychoactive plants
Cannabis sativa Nicotiana tabacum

1 Delta-9- -94 -
tetrahydrocannabinol

2 Nicotine - -5.3
Carica papaya-derived alkaloids

3 Carpaine -5.9 -4.8

4 Dehydrocarpaine | -6.4 -4.6

5 Dehydrocarpaine 1l -6.8 -4.9
Moringa oleifera-derived Alkaloids

6 N, a-L-rhamnopyranosyl vincosamide -2.9 -6.0

7 Pyrrolemarumine 4”-O-a-L-rhamnopyranoside -8.5 -6.6

8 4'hydroxyphenylethanamide -6.1 -6.5
Datura stramonium-derived alkaloids

9 Scopolamine -8.1 -71.2

10 Tigloidin -7.6 -6.6

11 Aposcopolamine -8.7 -7.4

12 Apoatropine -8.9 -7.9

13 34,6a-ditigloyloxytropane -8.8 -7.0

14 Hyoscyamine -8.4 -7.8
Synthetic psychoactive compounds

15 “CB 47497: 2-[(1r,3s)-3-Hydroxycyclohexyl]-5-(2- -9.0 -6.4
methyloctan-2-yl) phenol

16 *JWH-018: 1-Pentyl-3-(1-naphthoyl) indole -10.1 -6.1

17 "RCS-4: 1-Pentyl-3-(4-methoxybenzoyl) indole -9.2 -6.7

18 *XLR-11: (1-(5-Fluoropentyl)-1H-indol-3-yl) (2,2,3,3- -8.7 -6.2
tetramethylcyclopropyl) methanone

19 *UB-165: 5-(6-Chloro-3-pyridinyl)-9-azabicyclo [4.2.1]  -8.2 -6.1
non-4-ene

20 *ABT-594: 5-(2-azetidinylmethoxy)-2-chloropyridine -6.1 -6.0

* Synthetic cannabinoid receptor agonists
* Synthetic human alpha 4 beta 2 nicotinic acetylcholine receptor agonists
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THC, however, was the best CB1-binding natural alkaloid, with D.
stramonium compounds, apoatropine and 3a,6a-ditigloyloxytropane,
emerging as second and third best, respectively. Hyoscyamine and
atropine have been implicated in the neuromodulatory effects of D.
stramonium.*” *? These alkaloids act as competitive antagonists at
muscarinic acetylcholine receptors to stimulate or depress the CNS
system 3. The higher binding affinities exhibited by these alkaloids
with a42 nAChR and CB1 suggest that they will readily bind the two
receptors and may inhibit or elicit similar effects as their natural
substrates. This is important, especially considering that low binding
energy compounds interact with their targets with greater specificity,
resulting in significant biological effects.” This also implies that these
alkaloids may be associated with D. stramonium’s psychoactive
effects. It is, however, important to further investigate the structural
and molecular bases of these compounds’ high binding interactions
with a4$2 nAChR and CB1 using in vitro and in vivo studies to
delineate their psychostimulatory effects.

Aside from the D. stramonium alkaloids, pyrrolemarumine 4"-O-o-L-
rhamnopyranoside derived from M. oleifera displayed high CB1 and
a4f2 nAChR binding affinities, while C. papaya compounds —
carpaine, dehydrocarpaine | and dehydrocarpaine Il - exhibited
moderate CB1 binding affinities. This suggests that the reported
psychoactive effects of M. oleifera and C. papaya may be due to the
presence of these alkaloid reservoirs. According to numerous studies,
the main bioactive constituents in C. papaya are carpaine, and its
structural analogs dehydrocarpaine | and dehydrocarpaine I1.**
Previous reports have indicated that carpaine is one of the main
bioactive constituents in papaya that has been linked to its central
nervous  system (CNS) stimulatory effects.**®  Carpaine,
dehydrocarpaine | and dehydrocarpaine 11, are present in varying
quantities in papaya varieties: fruit bearing (pistillate or female), non-
fruit bearing (staminate or male), and bisexual.***" ** *° The highest
concentration of carpaine is found in mature papaya leaves, followed
by the fruit pulp, fruit peel and seeds.* The presence of carpaine,
dehydrocarpaine | and dehydrocarpaine Il in papaya fruits, leaves and
seeds may increase the likelihood of psychotropic effects in people
who consume them for food, medicine, or recreation. More insights
about the psychoactive effects of C. papaya could be gained by
investigating how carpaine, dehydrocarpaine I, and dehydrocarpaine Il
concentrations vary across different papaya species, sex types, and
maturation periods. Metabolic profiling of papaya fruit has revealed
that the levels of dehydrocarpaine | and dehydrocarpaine Il decrease
as papaya fruit ripens.> More studies of this nature will be invaluable
for regulatory authorities to isolate the effects of biological and
ecological factors on the psychostimulatory properties of papaya. It
will also provide insights into the developmental processes of many
recreational plants that are more likely to impact their psychoactive
properties.

The interactions leading to the high binding affinities observed for
apoatropine and 3a,6a-ditigloyloxytropane with CB1, and apoatropine
and hyoscyamine with a452 nAChR, are illustrated in figures 1 and 2,
respectively. In our study, TYR 197 was a common interacting residue
in all three high-affinity o442 nAChR -ligand complexes. Specifically,
it formed Pi-Pi T-shaped bonds in the a452 nAChR-apoatropine and
o452 nAChR-hyoscyamine complexes and van der Waals interactions
in the o452 nAChR-nicotine complex. According to a previous study,
%% amino acids between 181-200 of the nAChR ol subunit are
essential for nicotine binding. High-resolution structural studies
involving Xray and cryogenic electron microscopy (Cryo-EM) further
revealed that interactions from Tyr-197 and Tyr-204, along with
neighboring cysteine residues, tightly pack nicotine within the binding
pocket of a4$2 nAChR. 3 Thus, TYR 197, as well as CYS 192, CYS
193 residues present in the interactions of both apoatropine and
hyoscyamine to o452 nAChR may be key contributors to their high-
affinity binding over nicotine, as depicted in Table 1. The presence of
Pi-Pi T shaped interaction involving TRP 149 in the a452 nAChR —
apoatropine and o452 nAChR — hyoscyamine complexes is especially
significant and may also contribute to their high affinity binding with
o452 nAChR. A previous study revealed that high-affinity endogenous
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(acetylcholine) and exogenous (nicotine) o452 nAChR compounds
form a strong Pi-cation interaction with TRP, chain B-residue 149 of
o462 nAChR.*® Moreover, both apoatropine and hyoscyamine exhibit
multiple types of strong interactions, such as Pi-alkyl and Pi-Pi alkyl
with CYS 192, CYS 193, and LEU 484, as well as attractive charge
interactions and Pi-sigma/Pi-cation interactions with GLU 195 and
PHE 482. These interactions could contribute significantly to their
binding strength and stability within the receptor's binding pocket. In
contrast, nicotine predominantly relies on van der Waals interactions
involving residues like TRP 57, CYS 199, PHE 119, VAL 111, and
THR 157. The
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Figure 1: 3D and 2D protein-ligand interactions of CB1 and
THC (a), CB1 and apoatropine (b), and CB1 and 3a,6a-
ditigloyloxytropane (c)

significance of identifying new interactions that may contribute to
selective and potent binding cannot be overemphasized, particularly
for determining agonist/antagonist of multisubunit protein such as
o482 NAChR with complex structural motifs.>

Interestingly, apoatropine and 3a,6a-ditigloyloxytropane did not share
any common interactions with the reference compound, THC, despite
binding to the same site occupied by THC on CB1 and exhibiting
comparable CB1 binding affinities to THC. This discrepancy may be
attributed to the distinct structural motifs present in THC compared to
these two compounds derived from D. stramonium. The site-specific
docking approach employed in our study is instrumental in revealing
ligand interactions within target protein binding pockets, identifying
potential new interactors, and predicting ligands with high-binding
affinities.®® However, it lacks the ability to independently discern
interactions critical for agonist binding efficacy from incidental ones,
particularly crucial when compared with psychostimulants.®’
Additionally, site-specific docking may not fully account for
conformational changes in proteins and ligands, especially in flexible
regions or upon binding, potentially leading to inaccuracies in binding
predictions.® ® To address these limitations and enhance reliability,
we complemented our docking approach with MD simulations. MD
simulations enable us to explore the dynamic behavior, flexibility, and
stability of complexes over time,** *° offering a more comprehensive
understanding within a biological context and lowering false positive
outcomes. *° Thus, we conducted a 20 ns MD simulation on four high-
affinity protein-ligand complexes from test plants (a452 nAChR-
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Trop J Nat Prod Res, July 2024; 8(7):7880-7890

apoatropine, a42 nAChR-hyoscyamine, CB1-apoatropine, and CB1-
3a,6a-ditigloyloxytropane) to compare their dynamics with the
standard compounds, THC and nicotine, using RMSD and ROG
metrics. RMSD provides a detailed view of the stability and
conformational changes of the compounds over the entire simulation
period, *® while ROG reveals the overall compactness and folding of
compounds during simulation events. *

Our MD simulations revealed average RMSD values of 0.26 nm and
0.61 nm for the standards, THC and nicotine, respectively, indicating
that they maintain their structure very well and show high stability in
binding their tar. Furthermore, the a452 nAChR-bound compounds —
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Figure 2: 3D and 2D protein-ligand interactions of o452
nAChR and nicotine (a), o452 nAChR and apoatropine (b),

and a4$2 nAChR and hyoscyamine (c)

apoatropine and hyoscyamine - exhibit higher RMSD values (Fig. 4),
suggesting they undergo more significant conformational changes and
are less stable than their CB1 interacting counterparts. The RMSD for
hyoscyamine shows a similar trend to apoatropine, with an initial rise
and then a stabilization phase at a higher RMSD value. The high
average RMSD of 0.93 nm indicates considerable structural
fluctuations, suggesting that hyoscyamine is the least stable among the
o452 nAChR compounds. The CB1-bound compounds, apoatropine
and 3a,6a-ditigloyloxytropane, with their lower RMSD values of 0.27
and 0.29 nm, respectively, demonstrate better structural stability
throughout the simulation (Fig. 3). The ROG graphs show that the
CB1 compounds, with their higher ROG values, have more consistent
extended structures while the o452 nAChR compounds have more
compact and variable conformations (Fig. 5 and 6). Like THC,
apoatropine maintains a high and relatively stable ROG value,
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indicating an extended structure throughout the simulation. 3a,6a-
ditigloyloxytropane has the highest average ROG value (3.06 nm),
indicating it adopts the most extended conformation among the CB1
compounds. The ROG graph shows moderate fluctuations, suggesting
variability in its extended structure. On the other hand, the ROG graph
for nicotine shows moderate fluctuations around the average value of
2.16 nm, indicating that the compound maintains a relatively compact
structure but experiences some variations in its folding. Apoatropine
has the lowest average ROG (2.11 nm) among the 452 nAChR
compounds, suggesting it maintains the most compact structure. The
ROG graph shows minimal fluctuations, indicating consistent
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Figure 3. RMSD spectrums of the two high-affinity

compounds (apoatropine, and 3a,6a-ditigloyloxytropane) and
the standard, THC, in CB1 (5U09) pocket.
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Figure 4. RMSD spectrums of the two high affinity

compounds (apoatropine, and hyoscyamine) and the standard,
nicotine, in a4$2 nAChR (5KXI) pocket.
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Figure 5. ROG spectrums of the two high-affinity compounds
(apoatropine, and 3a,6a-ditigloyloxytropane) and the standard,
THC, in CB1 (5U09) pocket.
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Figure 6: ROG spectrums of the two high affinity compounds
(apoatropine, and hyoscyamine) and the standard, nicotine, in
adp2 nAChR (5KXI) pocket.
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compactness. The ROG graph for hyoscyamine indicates more
significant fluctuation, reflecting a less compact and more variable
structure throughout the simulation. This is consistent with its higher
average ROG value of 2.27 nm.

ADMET analysis is crucial in assessing the safety and
pharmacokinetic properties of chemical compounds.®® It  was
discovered from this study that all test alkaloids, except N,-L-
rhamnopyranosyl vincosamide, met the Lipinski cut-off (Tables 2a
and 2b); demonstrating their propensity for adequate absorption and
permeability from an oral bioavailability perspective.® The Lipinski
rule predicts that compounds with zero or at most one violation will
have high oral bioavailability.® ® Specifically, N,-L-
rhamnopyranosyl

vincosamide exceeded the limits for molecular weight (>500 Daltons),
hydrogen bond donors (>5), and hydrogen bond acceptors (>10)
(Table 2a). For a chemical compound with high oral bioavailability, a
small dose is required to achieve the desired pharmacological effect.®
® According to the findings from this study, many of the alkaloids
including THC, nicotine, apoatropine, 3a,6a-ditigloyloxytropane,
aposcopolamine, hyoscyamine, tigloidin, and N-(4-hydroxyphenyl)
acetamide have high BBB permeability. Compounds with high BBB
permeability can interact with CNS receptors and mediate neuronal
effects. The alkaloids' high BBB permeability may contribute to the
psychoactive effects of the plants where they are present. N, -L-
rhamnopyranosyl vincosamide, dehydrocarpaine I and
dehydrocarpaine 1l were predicted to be P-glycoprotein substrates
amongst the plant alkaloids. Substrates of P-glycoprotein transporter
exhibit unfavorable pharmacokinetics, hindering their absorption and
distribution in various organs.®*®® Therefore, many of the test
alkaloids that are non-P-glycoprotein substrates have greater
possibilities for absorption and permeability through body tissues and
cells. This is particularly concerning for compounds that are used for
recreational purposes, as they are likely abused or overdosed, leading
to accumulating harmful concentrations in tissues and cells.

Based on the oral toxicity test, nicotine was predicted to fall into class
I (LDso < 5 mg/kg), indicating the highest risk of fatality if swallowed.
Other compounds are classified as class I1l1 (50 mg/kg < LDso < 300
mg/kg), class IV (300 mg/kg < LDsp < 2000 mg/kg), or class V (2000
mg/kg < LDsp < 5000 mg/kg), denoting a decreasing likelihood of
causing fatality upon ingestion, respectively.®” Toxicity testing also
revealed that none of the test plant alkaloids are Ames mutagenic. It is
noteworthy to mention that apoatropine and N, a-L-rhamnopyranosyl
vincosamide from D. stramonium and M. oleifera, respectively, are
predicted to be carcinogenic (Table 2a), implying that these plant
alkaloids should be monitored very strictly by food and drug
regulatory agencies, especially in areas where they are considered as
mainstream recreational products.

Table 2a: ADMET Properties of Alkaloids from Cannabis sativa, Nicotiana tabacum, Carica papaya, Moringa oleifera, and Datura

stramonium
£ 3 3 8 o E g g
g £ £ s Zag 23
S o 5 5 =& 833 Bt
5 S 2 £ S S g2 §68 &€
@ > = ] S © JE8 s < S8
8s e B Qo > > — T £ S S = =8
= C b = £ - o = 3 'S el s
. ] = < L o L o s C = Secy £2
Properties 0S8 w® 2 (@] o c o c Z T > a sl =+
MW (Daltons) 314.46 162.23 478.71 476.69 474.68 660.67 377.39 151.16
AlogP 5.74 1.14 4.64 4.83 5.07 -1.50 0.08 0.93
H-Bond Acceptor 2 2 6 6 6 13 7 2
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H-Bond Donor 1 0 2 1 0 7 4 2
Rotatable Bonds 4 1 0 0 0 6 6 2
BBB Permeability Yes Yes No No No No No Yes
GI Absorption High High High High High Low High High
Oral Toxicity Class 4 Class 1 Class 4 Class 4 Class 5 Class 4 Class 5 Class 4
LDso (mg/kg) 482 3 500 500 3000 620 4000 338
P-glycoprotein No No No Yes Yes Yes No No
Substrate
CYP1A2 Inhibitor No No No No No No Yes No
CYP2C19 Inhibitor  Yes No No No No No No No
CYP2C9 Inhibitor Yes No No No No No No No
CYP2D6 Inhibitor Yes No No No No No No No
CYP3A4 inhibitor No No No No No No No No
Bioavailability 0.55 0.55 0.55 0.55 0.55 0.11 0.55 0.55
Score
Ames toxicity Inactive Inactive Inactive Inactive Inactive Inactive Inactive Inactive
0.77 0.91 0.80 0.76 0.75 0.52 0.66 0.90
Carcinogenicity Inactive Inactive Inactive Inactive Inactive Active Inactive Inactive
0.86 0.91 0.62 0.59 0.54 0.51 0.60 0.51

MW: Molecular weight; AlogP: Octanol-water partition coefficient; BBB: Blood-Brain Barrier; GI: Gastrointestinal; CYP: Cytochrome P450

Table 2a (Continue...): ADMET Properties of Natural Psychoactive Compounds from Nicotiana tabacum, Cannabis sativa, Moringa
oleifera, Datura stramonium, and Carica papaya

= o °

2 5 2 B £

S a o S

z 5 3 g 3 g

8_ S A © T 5 @ 3

Q =) S S © .5 c 2

o = o Qo =] >
Properties i - <o < moa T
MW (Daltons) 303.35 223.31 285.34 271.35 321.41 289.37
AlogP 1.38 2.22 2.11 2.94 2.78 2.06
H-Bond Acceptor 5 3 4 3 5 4
H-Bond Donor 1 0 0 0 0 1
Rotatable Bonds 5 3 4 4 6 5
BBB Permeability No Yes Yes Yes Yes Yes
Gl Absorption High High High High High High
Oral Toxicity Class 4 Class 4 Class 4 Class 3 Class 5 Class 4
LDso (mg/kg) 1275 705 1500 160 2573 380
P-glycoprotein No No No No No No
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Substrate
CYP1AZ2 Inhibitor No No No No No No
CYP2C19 Inhibitor ~ No No No No No No
CYP2C9 Inhibitor No No No No Yes No
CYP2D6 Inhibitor Yes No Yes Yes No Yes
CYP3A4 inhibitor No No No No No No
Bioavailability 0.55 0.55 0.55 0.55 0.55 0.55
Score
Ames toxicity Inactive Inactive Inactive Inactive Inactive Inactive
0.88 0.67 0.61 0.68 0.66 0.76
Carcinogenicity Inactive Inactive Inactive Active Inactive Inactive
(class three) 0.75 0.51 0.55 0.56 0.51 0.86
Table 2b: ADMET Properties of Synthetic Psychoactive Compounds
N~ [ee] <t
(o)) —
Properties = 2 < o 8 3
< I %) @ iy =
M = Q - o0 as]
(@] a 04 X D <
MW (Daltons) 318.49 341.45 32141 329.45 234.72 198.65
AlogP 5.18 5.32 4.39 4.96 2.68 1.59
H-Bond Acceptor 2 1 2 2 2 3
H-Bond Donor 2 0 0 0 1 1
Rotatable Bonds 7 6 7 7 1 3
BBB Permeability Yes No Yes No Yes Yes
Gl Absorption High High High High High High
Oral Toxicity Class 5 Class 4 Class 4 Class 3 Class 3 Class 4
LDso (mg/kg) 4000 500 2000 200 200 350
P-glycoprotein No Yes No Yes Yes No
Substrate
CYP1AZ2 Inhibitor No Yes Yes Yes Yes Yes
CYP2C19 Inhibitor No Yes Yes No No No
CYP2C9 Inhibitor No Yes Yes No No No
CYP2D6 Inhibitor Yes Yes Yes Yes Yes No
CYP3A4 inhibitor No Yes Yes Yes No No
Bioavailability 0.55 0.55 0.55 0.55 0.55 0.55
Ames toxicity Inactive Active Active Inactive Inactive Inactive
0.88 0.61 0.59 0.56 0.64 0.53
Carcinogenicity (class  Inactive Inactive Inactive Inactive Inactive Active
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three) 0.79 0.60

0.56
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0.59 0.78 0.62

Conclusion

The findings showed that alkaloids from M. oleifera, C. papaya, and
especially D. stramonium (apoatropine, hyoscyamine and 34,6a-
ditigloyloxytropane) exhibited strong binding affinity with CB1 and
adp2 nAChR, relative to THC and nicotine, respectively. Furthermore,
most of these plant alkaloids displayed favorable physicochemical and
druglike properties, as well as high BBB permeability, suggesting a
potential for CNS effects while apoatropine and M. oleifera-derived
N, a-L-rhamnopyranosyl vincosamide were predicted to be
carcinogenic. Thus, it is critical to regulate the recreational
consumption of these plants, particularly in tropical regions like
Nigeria, where they are widely cultivated and consumed for various
purposes. The Nigerian government should also enforce legislation to
limit the recreational market from exploring parent psychoactive
compounds from these plants for NPS synthesis. In vitro and in vivo
experiments are recommended to explicitly decipher the structural and
molecular mechanisms by which these alkaloids interact with CB1 and
o482 nAChR, as well as other neuronal targets to directly link them to
the psychoactive effects of D. stramonium, M. oleifera, and C.

papaya.
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