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In silico exploration of bioactive secondary 
metabolites with anesthetic effects on 
sodium channels Nav 1.7, 1.8, and 1.9 in 
painful human dental pulp

Ravinder S Saini1, Rayan Ibrahim H Binduhayyim1,  
Mohamed Saheer Kuruniyan1, and Artak Heboyan2

Abstract
Aim: To investigate the efficacy of medicinal plant bioactive secondary metabolites as inhibitors of voltage-gated sodium 
channels (Nav1.7, Nav1.8, and Nav1.9) in managing painful states of dental pulps. Methodology: Molecular docking, ADME 
prediction, toxicity profiling, and pharmacophore modeling were used to assess the binding affinities, pharmacokinetic properties, 
toxicological profiles, and active pharmacophores of the selected bioactive compounds. Results: Three compounds (Sepaconitine, 
Lappaconitine, and Ranaconitine) showed binding affinities (ΔG = −8.95 kcal/mol, −7.77 kcal/mol, and −7.44 kcal/mol, respectively) 
with all three Nav1.7, Nav1.8, and Nav1.9 sodium channels. The sepaconitine amine group formed hydrophobic interactions with 
key residues. The Lappaconitine benzene ring contributed to hydrophobic interactions and hydrogen bond acceptor interactions. 
The hydrophobic interactions of the ranaconitine amine group play a critical role with specific residues on Nav1.8 and Nav1.9. 
Conclusion: The natural fusicoccane diterpenoid derivatives Sepaconitine, Lappaconitine, and Ranaconitine are potential 
lead compounds for the development of novel analgesics as selective antihyperalgesic drugs, which will provide a new dental 
pharmacological intervention for managing painful dental pulp conditions. Further experimental validation and clinical studies that 
confirm the efficacy and safety of these compounds will strengthen their applicability in dental practice.
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Introduction

Dental pulp pain is a highly prevalent clinical problem, a 
type of acute and often severe odontogenic pain that arises 
from the innermost region of the tooth known as the dental 
pulp.1 Such nociceptive pain typically reflects conditions, 
such as dental decay, trauma, or infection. This pain mecha-
nism is called “nociception,” as it tracks destructive changes 
in the body. The nervous system anatomy involves the acti-
vation of pain pathways.2 Voltage-gated sodium channels, 
particularly Nav1.7, Nav1.8, and Nav1.9, are important for 
the conduction of pain signals from the dental pulp to the 
central nervous system, because they are highly expressed in 
the peripheral nervous system and are implicated in the cod-
ing of pain.3,4 Nav1.7 is most highly expressed in peripheral 
neurons and is critical for setting the firing threshold for pain 
signals. Loss-of-function mutations in SCN9A, the gene 
encoding Nav1.7, cause congenital insensitivity to pain, 
while gain-of-function mutations cause severe pain disorders 
like erythromelalgia.5,6 This emphasizes the importance of 
Nav1.7 in the initiation of pain signals. Nav1.8 is another 
leading channel in pain pathways and has been predomi-
nantly identified in pathologies that cause inflammatory and 
neuropathic pain. This channel is resistant to tetrodotoxin, a 
strong inhibitor of the sodium channel, and therefore, remains 
active even under conditions that inhibit other channels. 
Nav1.8 seems to be involved in transmitting pain signals, 
particularly in the C-fibers, which are responsible for slow, 
chronic pain signals, seems to be involved in the transmis-
sion of pain signals. Its role is enhanced under conditions of 
inflammation, and it remains a major focus as a therapeutic 
target for inflammatory pain.7,8 Nav1.9 is less well character-
ized but has been shown to regulate the excitability (driving 
force) of nociceptors – sensory neurons that encode poten-
tially damaging stimuli. Mutations in the SCN11A gene 
encoding Nav1.9 are associated with pain insensitivity and 
other pain-related disorders, and contribute to the mainte-
nance of pain in chronic pain conditions.9–11 Collectively, 
these channels provide several new targets for the develop-
ment of novel analgesic and anesthetic drugs that provide 
more targeted and potent pain management.

At present, clinical anesthetics, such as lidocaine and bupi-
vacaine, are widely used to relieve pain in dental practice. 

These anesthetics function primarily by blocking voltage-
gated sodium channels, particularly those involved in the 
transmission of pain signals, such as Nav1.7, Nav1.8, and 
Nav1.9. These sodium channels play critical roles in the initia-
tion and propagation of nerve impulses by regulating the flow 
of sodium ions into the nerve cells, which is essential for the 
generation and conduction of action potentials. By inhibiting 
these channels, lidocaine and bupivacaine prevent the initia-
tion and propagation of pain signals from the dental pulp to the 
brain, leading to localized numbness in the target area.12,13 
However, this lack of specificity may lead to adverse effects. 
By failing to selectively target pain-specific sodium channels, 
they affect neurons broadly, which leads to a constellation of 
side effects, including neuropathic symptoms such as non-site-
specific numbness, motor complications, and systemic toxic-
ity at higher doses.14,15 Moreover, these anesthetics have a 
relatively short duration of action.16 Lidocaine, for example, 
typically has an onset of action of about 1–2 h, and bupiva-
caine, a longer-lasting anesthetic, has an onset of action of as 
long as several hours, but carries a higher risk of cardiotoxic-
ity. Because of this short duration, repeated administration is 
frequently required throughout long dental procedures that 
add to patient discomfort and risk of adverse effects.17 
Additionally, the risk of allergic reactions and/or loss of effi-
cacy owing to tolerance or sensitization with repeated use 
makes their use problematic.18 These limitations highlight the 
need for novel anesthetic agents that can deliver prolonged, 
effective pain relief while minimizing unwanted side effects, 
particularly through the selective targeting of pain-related 
sodium channels.

In response to these challenges, bioactive secondary 
metabolites from natural sources, such as plants, fungi, and 
microorganisms, present a promising alternative. These 
compounds, including alkaloids, terpenoids, and flavonoids, 
offer potent pharmacological activities, including the modu-
lation of ion channels like sodium channels, which are cru-
cial in pain management. Bioactive secondary metabolites 
are produced by plants, fungi, or microorganisms, but are not 
involved in primary metabolic processes. They encompass a 
wide variety of compounds such as alkaloids, terpenoids, 
and flavonoids, and have been found to possess considerable 
pharmacological activities. They are a great source of new 
anesthetic drugs.19,20 Alkaloids such as morphine and quinine 
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have long been used for their analgesic properties. Their abil-
ity to modulate ion channels, including sodium channels, 
makes them potential candidates for anesthetic agent devel-
opment.21,22 Terpenoids are the major components of essen-
tial oils and other plant extracts, and have robust 
anti-inflammatory and pain-relieving effects. Menthol and 
camphor have been used topically for these purposes in tra-
ditional medicine.23,24 Flavonoids, a major class of plant-
based antioxidants and anti-inflammatory compounds 
present in fruits and vegetables, inhibit certain subtypes of 
sodium channels, thereby rendering neurons less excitable 
and less responsive to pain stimuli. For example, quercetin, a 
flavonoid found in apples, onions, and berries, selectively 
inhibits pain-sensitive sodium channels.25 Rutin, a flavonoid 
found in citrus fruits and buckwheat, exhibits similar proper-
ties, making it a candidate for further exploration as a natural 
pain-relieving agent.26 The diverse chemical structures and 
mechanisms of action of these metabolites provide rich 
resources for the discovery of novel compounds that can tar-
get specific sodium channels with high efficacy and safety.

Using in silico approaches, insightful tools are now in 
place to predict and characterize the interactions between 
new drug candidates and their targets.27,28 A key approach 
is molecular docking, which models the accommodated 
binding of small molecules to a selected target protein, 
such as a sodium channel, for each compound’s best fit and 
affinity.29,30 This indicates that the candidates are likely to 
maximize efficacy. The second approach to complement 
docking is pharmacophore modeling, which identifies the 
appropriate spatial arrangement of features essential for 
optimal target binding, thereby guiding the design of new 
molecules with these properties.31,32 Secondly, in silico 
approaches include the prediction of Absorption, 
Distribution, Metabolism, and Excretion (ADME) proper-
ties, which determine the pharmacokinetic characteristics 
of a compound to ensure that it reaches its target safely 
inside the body.33 Drug-likeness screening then assesses 
whether a compound has the characteristics that would 
need to be made into a drug, including stability, solubility, 
and permeability.34 Toxicity prediction models reflect 
adverse effects as early as the discovery phase of drug 
development, helping prevent failed late-stage trials.35 
Therefore, the major objective of the current study was to 
evaluate the potential of bioactive secondary metabolites 
as promising novel anesthetic compounds acting on the 
voltage-gated sodium channel subtypes Nav1.7, Nav1.8, 
and Nav1.9 via molecular docking.

By evaluating the compounds that bind most strongly 
and with the right interactions to these channels, this study 
could lead to the design of dental anesthetics. The team is 
hoping that computational methods will speed up discovery 
and help reveal more about the mechanisms of action of 
natural compounds.

Methodology

Data selection and ligand structure development 
of bioactive secondary metabolites

This study was performed using proper resolution structural 
data for the human voltage-gated sodium channels Nav1.7, 
Nav1.8, from the Protein Data Bank (PDB): Nav1.7 (crystal 
structure, X-ray resolution): PDB ID: 5EK036) resolution: 
3.53 Å; Nav1.8 (crystal structure, X-ray resolution): PDB 
ID: 7WE437) resolution: 2.70 Å. Because no experimentally 
determined structure of Nav1.9 has been deposited in the 
PDB, a model of Nav1.9 was generated from AlphaFold.38 
Before any simulations, the PDB files of each sodium chan-
nel were first refined in Swiss-PDB Viewer 4.139 to fill in any 
missing residues. This is necessary to maintain the structural 
integrity of protein models. The prepared protein structures 
were then uploaded to the BioVIA Discovery Studio 
Visualizer 2021 and prepared for docking simulations. Water 
molecules, heteroatoms, and co-crystallized ligands were 
removed as they may interfere with the docking simulations. 
Polar hydrogens were added, and Kollman charges were 
assigned to the proteins to capture the electrostatic properties 
of the biologically active sites. The CASTp 3.0 technique 
was adopted to identify the active sites of these receptors. 
CASTp (Computed Atlas of Surface Topography of Proteins) 
detects the size and shape of protein surface cavities and 
pockets. It measures the size of each detected cavity, identi-
fies the location of the cavities, and provides precise coordi-
nates of the cavities. CASTp is a powerful and reliable 
computational tool for macromolecular analysis and plays an 
important role in chemical and biological studies.40 This tool 
was fundamental to pinpointing the active sites of Nav1.7, 
Nav1.8, and modeled Nav1.9, which is critical for effective 
docking simulations.

The sophisticated crystal structures of these secondary 
metabolites are crucial templates for understanding the 
molecular interplay between human sodium channels and 
their cognate bioactive ligands. The selection of bioactive 
secondary metabolites was based on a comprehensive litera-
ture survey focusing on compounds that could inhibit sodium 
channels. The primary sources for scientific investigation 
were peer-reviewed journals and digital data warehouses 
accessible through databases such as PubMed, Scopus, the 
World Health Organization (WHO) website, and Google 
Scholar, which were excluded to maintain a high standard of 
data reliability. Only scientifically rigorous publications, 
including peer-reviewed journals and WHO-edited case 
reports, were considered, resulting in a curated list of sec-
ondary metabolites (Table 1). Their molecular structures 
were obtained from PubChem (https://pubchem.ncbi.nlm.
nih.gov/) and maintained in the National Library of Medicine. 
To ensure the accuracy of these structures, they were further 
refined and optimized using Chem3D software (PerkinElmer, 
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Table 1.  Anesthetic activities and bioactive secondary metabolites of various medicinal plants.

Plant name
Bioactive secondary 

metabolite Anesthetic activity/dose Ref

Essential oils and terpenoids
 � Peppermint (Mentha piperita) Menthol, Camphor Reduced electrically evoked contractions of rat phrenic 

nerve-hemidiaphragm at 0.1–100 ng/mL. Increased number 
of stimuli required to evoke rabbit conjunctival reflex at 
10–100 μg/mL.

60,61

 � Lavender (Lavandula angustifolia) Linalool Reduced electrically evoked contractions of rat phrenic-
hemidiaphragm. Depressed rabbit conjunctival reflexes. 
Reversely blocked the excitability of rat sciatic nerves and 
inhibited the voltage-gated Na+ currents of rat dorsal root 
ganglion neurons.

62,63

 � Marjoram (Origanum majorana) α-Terpineol Reduced electrically evoked contractions of rat phrenic nerve-
hemidiaphragm. Increased the number of stimuli required to 
evoke rabbit conjunctival reflex.

64

 � Anise (Pimpinella anisum) Anethole Reduced electrically evoked contractions of rat phrenic nerve-
hemidiaphragm. Increased the number of stimuli required to 
evoke rabbit conjunctival reflex.

64

 � Myrrh (Commiphora molmol) Furanodiene, 
Methoxyfuranoguaia-9-
ene-8-one

A specified fraction with anesthetic potency by a rabbit 
conjunctival reflex test. Identified furanodiene-6-one and 
methoxyfuranoguaia-9-ene-8-one as active components.

65

 � Clove (Syzygium aromaticum) β-Caryophyllene Exerted local anesthetic effects comparable to procaine. 
Reduced electrically evoked contractions of rat phrenic 
nerve-hemidiaphragm. Increased number of stimuli necessary 
to provoke rabbit conjunctival reflex.

66

Alkaloids
 � Monkshood (Aconitum spp.) Aconitine, Lappaconitine, 

Bulleyaconitine A
Greater potency and longer duration of anesthesia than 

procaine and lidocaine. Intravenously administered samples 
to mice showed antinociceptive effects.

67–69

  Larkspur (Delphinium spp.) Sepaconitine, Ranaconitine, 
Sarcorine

Greater potency and longer duration of anesthesia than 
procaine and lidocaine.

68

 � Cinchona tree (Cinchona spp.) Quinine Inhibition of the K+/H+ exchanger in respiring mitochondria, 
while not affecting the Na+/H+ exchanger, inhibits K+ 
efflux via the K+/H+ exchanger.

70

 � Thyme (Thymus vulgaris) Tetrahydroharman, 
Tetrahydronorharman, 
Thymol, Eugenol

Interacted with biomimetic membranes to increase membrane 
fluidity at high micromolar concentrations. Counteracted 
mechanistic membrane effects of local anesthetics.

22

Flavonoids and stilbenoids
  Red Wine (Vitis spp.) Quercetin, Catechin, 

Rutin, Epicatechin, 
Anthocyanins

It inhibits voltage-gated Na+, K+, and Ca2+ channels with IC50 
values of 2.5, 4.0, and 0.8–1.5 μg/mL, respectively.

71

 � Green Tea (Camellia sinensis) Epigallocatechin-3-gallate, 
Epigallocatechin

Potent inhibition of both TTX-sensitive and TTX-resistant 
Na+ currents.

72

 � Bitter kola (Garcinia kola) Kolaflavanone 10 mg/mL (i.d.) induced 92% local anesthesia, comparable to 
lidocaine (0.66 mg/kg, i.d.).

73

 � Japanese knotweed (Fallopia japonica) Resveratrol Both TTX-sensitive and TTX-resistant Na+ currents were 
suppressed in rat dorsal root ganglion neurons.

74

Inc.). Energy minimization was performed using the MM2 
force field in ChemDraw Professional 20.1.1 (PerkinElmer 
Inc.), which helps achieve a stable and low-energy confor-
mation of the ligands, which is essential for reliable docking 
results.41,42 This meticulous preparation of protein and ligand 
structures sets the stage for subsequent molecular docking 
simulations. After docking, binding orientations and affini-
ties were predicted for the secondary metabolites of each tar-
get sodium channel, providing a brief glimpse of their 
anesthetic potential. Subsequently, interaction analyses were 
performed to establish the detailed binding modes and 

patterns leading to blocking of the sodium channels Nav1.7, 
Nav1.8, and Nav1.9.

Molecular docking simulation

Molecular docking was conducted using the High 
Ambiguity Driven Protein-Protein Docking (HADDOCK) 
standalone version,43 leveraging the advanced interface 
option. This advanced software allowed protein-ligand 
docking to be performed at high resolution and enabled 
visualization of the intricate protein-ligand interactions 
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between the bioactive secondary metabolites and human 
sodium channels, which would act as receptor targets. The 
active site features for the sodium channels were extracted 
from the CASTp analysis and used as inputs to perform 
protein-ligand docking. For HADDOCK docking simula-
tions, a scoring threshold of −10.00 kcal/mol was applied 
to select the most favorable docking poses based on bind-
ing affinity. Two main criteria guided the selection of the 
top protein-ligand docking results for each complex. We 
first selected the results with the largest number of clus-
ters/populations (clusters of protein complexes), indicat-
ing the confidence of the docking prediction. Subsequently, 
we selected the results with the highest docking scores 
according to the HADDOCK score (a trusted value for the 
binding affinity between the proteins and ligands in a com-
plex). The scoring function used by HADDOCK considers 
both the electrostatic and van der Waals interactions 
between the protein and ligand, the desolvation energies, 
and any changes in the conformational flexibility of the 
ligand and receptor.44,45 Finally, to improve the final analy-
sis, the binding affinity ΔG (free energy change in kilo-
calories per mole (kcal/mol)) was calculated using 
PRODIGY.46 A binding affinity threshold of −6.00 kcal/
mol was used for PRODIGY to assess the stability and 
thermodynamic favorability of the protein-ligand com-
plexes. This second approach adds a further degree of 
understanding to the thermodynamic perspective of pro-
tein-ligand complexes, revealing details of the stability 
and energetics of the formed complexes. Molecular dock-
ing, which incorporates conformational flexibility of the 
ligand and receptor, is a powerful technique that provides 
detailed mechanistic insights into the binding affinities of 
molecular details of atomic interactions.41,47 Lidocaine was 
used as the standard positive control for sodium channels 
to quantify inhibition as a surrogate readout for anesthetic 
activity. This allowed us to compare the activity profiles of 
bioactive secondary metabolites against a well-known 
anesthetic, thus creating a much clearer framework in 
which to consider them as potential novel anesthetic 
agents. All molecular docking simulations were conducted 
on a high-performance workstation equipped with an 
Intel® Core™ i7-12650H processor (16 cores, 2.30 GHz), 
NVIDIA™ RTX 4060 graphics card (8 GB VRAM), and 
16 GB DDR5 RAM. This robust setup facilitated a thor-
ough exploration of the potential binding modes and inter-
actions between the selected bioactive secondary 
metabolites and human sodium channels. The use of 
AlphaFold to model the Nav1.9 structure, while innova-
tive, introduces potential limitations due to the model’s 
reliance on predicted rather than experimentally verified 
data, which may affect the accuracy of the docking results. 
The detailed insights gained from these simulations are 
crucial for the development of novel anesthetic agents tar-
geting painful human dental pulps.

Computational ADME parameter prediction

To comprehensively assess the potential of the ligands to 
inhibit human sodium channels, a comprehensive examina-
tion of their toxicological features and oral bioavailability 
was conducted using the SwissADME tool (http://www.
swissadme.ch/).48 This advanced computational tool pro-
vides a comprehensive evaluation of the pharmacokinetic 
properties of ligands, including important parameters, such 
as ADME. SwissADME provides insights into the identifica-
tion of ligands with better pharmacokinetic properties, 
informing the selection of candidates for further experimen-
tal validation. The evaluation of ADME parameters is pivotal 
in drug design and development as it provides insights into 
how the compound is absorbed, distributed, metabolized, 
and eliminated throughout the body.49 Ligands with optimal 
ADME characteristics are more likely to exhibit desirable 
pharmacological effects and reduced toxicity, making them 
promising candidates for further preclinical and clinical 
studies.50,51 Through the utilization of SwissADME, this 
study ensured meticulous evaluation of the pharmacokinetic 
properties of each ligand, contributing to the overall under-
standing of their potential as anesthetic agents targeting 
human sodium channels.

Examination of drug-likeness and toxicity

In addition to ADME parameter prediction, a comprehen-
sive assessment of drug-likeness and toxicity was con-
ducted for all selected ligands using the OSIRIS 
DataWarrior V6.1.0.52 This in-depth analysis covered a 
broad spectrum of toxicities including tumorigenicity, 
mutagenicity, irritancy, and reproductive effects. By scru-
tinizing these toxicity endpoints, this study aimed to iden-
tify any potential adverse effects associated with these 
ligands and ensure a thorough evaluation of their safety 
profiles. Furthermore, the assessment encompassed the 
criteria for drug-likeness, which evaluates various molecu-
lar properties to determine the suitability of a compound 
for drug development. Factors such as molecular size, 
lipophilicity, hydrogen bonding potential, and structural 
alerts were considered to ascertain whether the ligands 
possessed characteristics conducive to drug-like proper-
ties.53 This evaluative approach guarantees that the chosen 
ligands have pharmacological activity and satisfy critical 
parameters for generating successful drug candidates, 
whereas a computer-based multi-sided analysis of both 
drug-likeness and toxicity ensures that the ligands that best 
survive this filtering analysis advance to the next stage of 
evaluation, thereby improving the success of drug discov-
ery.54,55 Combining these broad tests can help identify 
leads for new anesthetic agents that specifically target 
human sodium channels, while ensuring that they are safe 
and effective.

http://www.swissadme.ch/
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Pharmacophore modeling to assess active 
functional groups of bioactive secondary 
metabolites

Pharmacophore modeling is a cornerstone for deciphering 
intricate molecular interactions between ligands and their 
target receptors. Identifying and characterizing essential ste-
ric attributes, collectively termed pharmacophores, are cru-
cial for the optimal binding and modulation of biological 
responses.31,56 In this study, we assessed the pharmacophore 
profile of ligands within the active pocket of the sodium 
channel receptors Nav1.7, Nav1.8, and Nav1.9. This process 
is essential for gaining insights into the specific functional 
groups and spatial arrangements required to effectively 
inhibit these channels. To ensure the validity and reliability 
of our pharmacophore model, we referred to a previous study 
for validation.57 This involved comparing our model with 
established data and experimental results to confirm its accu-
racy in representing the essential features necessary for 
ligand binding and activity. Once rigorously validated, a 3D 
pharmacophore model is a powerful ligand-screening and 
selection tool. The pharmacophore-based screening process 
was executed using advanced algorithms within LigandScout 
4.5,58 a state-of-the-art molecular modeling and drug discov-
ery software platform. This methodological approach 
enabled us to systematically analyze and prioritize ligands 
based on their pharmacophoric characteristics, such as 
hydrogen-bonding donors and acceptors, aromatic rings, and 
hydrophobic regions.59 Focusing on these key molecular fea-
tures, we aimed to identify compounds with the highest 
potential for therapeutic relevance as novel anesthetic agents 
for painful human dental pulp.

Results

Data selection and ligand structure development 
of bioactive secondary metabolites

The bioactive secondary metabolites of plants exhibiting 
anesthetic activities were screened by selecting medicinal 
plants for their traditional use and documented pharmaco-
logical activities, which were sorted according to their sec-
ondary metabolites, including essential oils, terpenoids, 
alkaloids, flavonoids, and stilbenoids. The selection criteria 
included plants with a significant history of use in traditional 
medicine, promising preclinical or clinical studies on com-
pounds isolated from plants, and the identification of their 
bioactive secondary metabolites. All anesthetic actions were 
recorded and studied using various experimental models 
(Table 1).

They are divided into essential oils, terpenoids, alkaloids, 
flavonoids, and stilbenoids. Essential oils and terpenoids 
from peppermint (Mentha piperita), lavender (Lavandula 
angustifolia), marjoram (Origanum majorana), anise 
(Pimpinella anisum), myrrh (Commiphora molmol), and 

clove (Syzygium aromaticum) have significant anesthetic 
effects. These included plants such as menthol, camphor, lin-
alool, α-terpineol, anethole, furanodiene, methoxyfura-
noguaia-9-ene-8-one, and β-caryophyllene, which were 
found to reduce electrically evoked contractions of rat 
phrenic nerve-hemidiaphragm preparations and increase the 
number of stimuli required to evoke the rabbit conjunctival 
reflex. These findings were corroborated by other experi-
mental models, which suggested that essential oils and terpe-
noids have aesthetic properties.60–66 In addition to the 
anesthetic power of alkaloids and flavonoids/stilbenoids, the 
study showed that monkshood (Aconitum spp.) and larkspur 
(Delphinium spp.) contain powerful alkaloids, including 
aconitine, lappaconitine, bulleyaconitine A, sepaconitine, 
ranaconitine, and sarcorine. These alkaloids have a longer 
duration of anesthesia than conventional agents.67–69 Quinine 
from the Cinchona tree (Cinchona spp.) inhibits the K+/H+ 
exchanger in respiring mitochondria, emphasizing its anes-
thetic capabilities.70 Flavonoids and stilbenoids from red 
wine (Vitis spp.), green tea (Camellia sinensis), bitter kola 
(Garcinia kola), and Japanese knotweed (Fallopia japonica) 
displayed potent inhibition of VGSC, VGK and VGCC, 
quercetin, catechin, rutin, epicatechin, anthocyanins, epigal-
locatechin-3-gallate, epigallocatechin, and resveratrol have 
proven to be promising.71–74 These findings highlight the 
potential of these natural compounds as effective anesthetics 
with varying degrees of efficacy and mechanisms of action, 
offering valuable insights for medical and pharmacological 
applications.

Molecular docking simulation

Docking simulations were performed to evaluate the binding 
affinities of the bioactive secondary metabolites to the 
ligand-binding domains (LBD) of Nav1.7, Nav1.8, and 
Nav1.9 sodium channels. These binding affinity values indi-
cate the energies required for dissociation of the ligand from 
the protein receptor, offering insights into the stability of the 
complex as well as the binding affinity of the inhibitor, which 
is essential for designing compounds as inhibitors. Lidocaine, 
the clinically used anesthetic, was employed as a standard 
inhibitor to benchmark the performance of the bioactive sec-
ondary metabolites in terms of their inhibitory potencies 
(Table 2). This comparison helps evaluate the practical rele-
vance of the identified compounds as potential alternatives 
or improvements over current anesthetics.

Molecular docking simulation results for the first five best-
performing bioactive secondary metabolites were compared 
with lidocaine, the inhibitory standard for binding affinity to 
Nav1.7, Nav1.8, and Nav1.9 sodium channels (Table 3). For 
Nav1.7, sepaconitine demonstrated the highest HADDOCK 
performance score (−38.2) and the lowest binding affinity 
(ΔG = −8.95 kcal/mol), significantly outperforming lidocaine 
(HADDOCK score = −29.9; ΔG = −7.20 kcal/mol). The much 
lower dissociation constant (Kd = 0.000388 μM) indicated a 
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Table 2.  Molecular docking with bioactive secondary metabolites in the Nav1.7, Nav1.8, and Nav1.9 receptor ligand-binding domain 
(LBD).

Bioactive secondary 
metabolite Chemical structure

ΔG (kcal/mol)

Nav1.7 Nav1.8 Nav1.9

Lidocaine (C14H22N2O)
Standard inhibitor

−7.20 −6.76 −6.41

Menthol (C10H20O) −6.12 −6.02 −6.11

Camphor (C10H16O) −6.13 −6.78 −5.87

Linalool (C10H18O) −6.14 −6.00 −6.04

α-Terpineol (C10H18O) −5.98 −5.95 −6.10

Anethole (C10H12O) −6.16 −5.98 −6.15

Furanodiene (C15H20O) −6.23 −6.08 −6.40

Methoxyfuranoguaia-9-ene-
8-one (C16H20O3)

−6.45 −7.06 −7.22

β-Caryophyllene (C15H24) −6.48 −6.17 −6.42

Aconitine (C34H47NO11) −7.72 −7.62 −6.72

Lappaconitine 
(C32H44N2O8)

−7.77 −8.00 −7.71

Bulleyaconitine A 
(C35H49NO9)

−6.97 −6.69 −6.73

Sepaconitine (C30H42N2O8) −8.95 −7.73 −7.92

Ranaconitine (C32H44N2O9) −7.44 −7.51 −8.03

Sarcorine (C25H44N2O) −7.29 −7.38 −7.27

(continued)
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Bioactive secondary 
metabolite Chemical structure

ΔG (kcal/mol)

Nav1.7 Nav1.8 Nav1.9

Quinine (C20H24N2O2) −7.65 −7.09 −6.90

Tetrahydroharman 
(C12H14N2)

−7.38 −6.64 −6.16

Tetrahydronorharman 
(C17H20N2O4)

−6.55 −7.68 −7.63

Thymol (C10H14O) −6.22 −5.90 −6.01

Eugenol (C10H12O2) −6.24 −5.90 −5.89

Quercetin (C15H10O7) −6.29 −7.06 −6.45

Catechin (C15H14O6) −6.64 −6.34 −6.43

Rutin (C27H30O16) −6.76 −7.86 −7.08

Epicatechin (C15H14O6) −6.22 −6.27 −6.27

Anthocyanins (C15H11O) −6.37 −6.28 −6.36

Epigallocatechin-3-gallate 
(C22H18O11)

−6.50 −7.10 −7.41

Epigallocatechin 
(C15H14O7)

−6.22 −6.36 −6.34

Kolaflavanone (C31H24O12) −7.06 −7.78 −7.43

Resveratrol (C14H12O3) −6.68 −6.26 −6.30

Table 2.  (continued)
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stronger interaction between Sepaconitine and Nav1.7, sug-
gesting its potential to be a very efficient inhibitor. In compari-
son, lidocaine, with a Kd of 0.025 μM, exhibited a much 
weaker interaction, highlighting the superior potency of 
Sepaconitine. Aconitine also showed relatively high binding 
affinity (−7.77 kcal/mol) and a stable HADDOCK score of 
−32.9, though it was slightly less effective than Sepaconitine. 
Quinine, and Ranaconitine, with binding affinities of 
−7.65 kcal/mol and −7.44 kcal/mol, respectively, outper-
formed lidocaine, with quinine in particular showing a promis-
ing HADDOCK score of −34.0, suggesting a substantial van 
der Waals energy contribution of −17.1 kcal/mol, which could 
enhance its potential as a Nav1.7 inhibitor. Ranaconitine, 
despite a lower HADDOCK score (−28.4), still surpassed 
lidocaine in terms of binding affinity, suggesting a moderate 
yet significant efficacy.

For Nav1.8, lappaconitine stood out with a HADDOCK 
score of −32.0 and a binding affinity of −8.00 kcal/mol, signifi-
cantly surpassing lidocaine’s HADDOCK score of −20.0 and 
binding affinity of −6.76 kcal/mol, suggesting a much stronger 
and more stable interaction. This demonstrates that lappaconi-
tine could be a more effective inhibitor than lidocaine for Nav1.8 
inhibition. Rutin (binding affinity = −7.86 kcal/mol) and 
Kolaflavanone (binding affinity = −7.78 kcal/mol) also showed 
promising results, with favorable HADDOCK scores of −27.5 

and −27.6, respectively. Sepaconitine, with a binding affinity of 
−7.73 kcal/mol, showed consistent efficacy across different 
sodium channels, exhibiting binding affinities of −7.70 kcal/mol 
at Nav1.2, −7.73 kcal/mol at Nav1.7, and −7.73 kcal/mol at 
Nav1.8, positioning it as a potential broad-spectrum inhibitor. 
Tetrahydronorharman demonstrated moderate inhibitory  
performance with a binding affinity of −7.68 kcal/mol, outper-
forming the reference inhibitor, Saingamide (binding affin-
ity = −6.83 kcal/mol). The HADDOCK score of −31.4 indicated 
a strong interaction between Tetrahydronorharman and Nav1.8, 
suggesting it could be a viable alternative to lidocaine. 3D and 
2D representations of ligand and receptor binding pose are 
shown in Figures 1 and 2 respectively, demonstrated a clear 
view of their interaction.

For Nav1.9, lidocaine exhibited a binding affinity of 
−6.41 kcal/mol and a HADDOCK score of −19.7, setting the 
benchmark for comparison. Lappaconitine emerged as the 
most effective inhibitor with a binding affinity of −7.71 kcal/
mol and a HADDOCK score of −32.5, indicating a very 
strong and stable interaction, suggesting it could potentially 
be more effective than lidocaine for Nav1.9 inhibition. 
Sepaconitine, with binding affinities of −8.03 kcal/mol and 
−7.92 kcal/mol, also outperformed lidocaine. However, their 
higher dissociation constants (Kd) suggested slightly less 
stable interactions compared to their performance with 

Figure 1.  3D visualization: Binding pose of Sepaconitine and Lappaconitine (as ligands exhibiting consistently high binding affinities and 
stability) across Nav1.7, Nav1.8, and Nav1.9 channels. (a) Sepaconitine binding to Nav1.7. (b) Sepaconitine binding to Nav1.8. (c) Binding 
to Nav1.9. (d) Lappaconitine binding to Nav1.7. (e) Binding to the Nav1.8. (f) Binding to the Nav1.9.
Blue lines represent the hydrogen bonds, while dotted lines depict hydrophobic interactions.
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Nav1.7 and Nav1.8. These compounds had HADDOCK 
scores of −12.6 and −6.9, showing varied performance. 
Tetrahydronorharman and Kolaflavanone, with binding 
affinities of −7.63 kcal/mol and −7.43 kcal/mol, respectively, 
showed moderate effectiveness but were still superior to 
lidocaine. Their HADDOCK scores of −13.1 and −16.9 indi-
cated reasonable interaction stability. Energy contributions 
to the binding interactions reveal more about the potency of 
these compounds. For Nav1.7, the van der Waals energy 
(which contributes to hydrophobic interactions, a major driv-
ing force for binding interactions) was highest for 
Sepaconitine (−20.4 kcal/mol), and its electrostatic energy 
(−117.1 kcal/mol) also showed the highest value, suggesting 
a highly favorable binding profile. Lappaconitine and 
Aconitine showed strong van der Waals and electrostatic 
energy contributions, indicating stable and robust interac-
tions with Nav1.7. Inconsistent with their high binding 

affinities, van der Waals and electrostatic energies were also 
strong for Lappaconitine and Aconitine, suggesting stable 
interactions with Nav1.7. For Nav1.8, Lappaconitine exhib-
ited strong van der Waals energy (−24.9 kcal/mol) and elec-
trostatic energy (−98.4 kcal/mol), further supporting its 
effectiveness. For Nav1.9, the energy contributions (van der 
Waals: −26.4 kcal/mol, electrostatic: −27.3 kcal/mol) were 
highest for Lappaconitine, confirming its superior binding 
profile and robust interaction. Sepaconitine and Lappaconitine 
exhibited superior binding affinities and robustness against 
Nav1.7, Nav1.8, and Nav1.9 channels compared to lido-
caine. These compounds, driven by high van der Waals and 
electrostatic interactions, suggest they could be potent 
sodium channel blockers and offer a rationale for their devel-
opment as alternatives to lidocaine. These findings demon-
strate that these bioactive secondary metabolites could be 
excellent candidates for further development into new  

Figure 2.  2D visualization: Binding pose of Sepaconitine and Lappaconitine (as ligands exhibiting consistently high binding affinities and 
stability) across Nav1.7, Nav1.8, and Nav1.9 channels. (a) Sepaconitine binding to Nav1.7. (b) Sepaconitine binding to Nav1.8. (c) Binding 
to Nav1.9. (d) Lappaconitine binding to Nav1.7. (e) Binding to the Nav1.8. (f) Binding to the Nav1.9.
The ligand-receptor interactions are visualized with distinct color coding to represent various types of interactions. Classic hydrogen bonds are depicted 
in green, carbon-hydrogen bonds in turquoise, van der Waals interactions in light green, π-alkyl interactions in pink, and π-sigma interactions in purple. 
This color scheme aids in distinguishing between the different non-covalent interactions that contribute to the stability and specificity of the ligand-
receptor binding.
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anesthetic drugs, potentially addressing unmet needs in the 
anesthetic drug market, as shown in Supplementary Data 1.

Computational ADME parameter prediction

Computational ADME properties and Cytochrome P450 
(CYP) inhibition profiles offer crucial insights into the phar-
macokinetic characteristics and potential metabolic interac-
tions of bioactive secondary metabolites. These properties are 
essential considerations in drug development to ensure ade-
quate bioavailability, distribution, metabolism, and elimina-
tion, thereby influencing the efficacy and safety of the 
therapeutic agents. Table 4 shows the predicted ADME 
parameters and CYP-inhibitory activities of the selected bio-
active secondary metabolites. Photocredit: Aconitum-derived 
natural products, namely Sepaconitine, Lappaconitine, 
Aconitine, and Ranaconitine, demonstrated favorable binding 
affinity toward Nav1.7, Nav1.8, and Nav1.9 sodium channel 
complexes. However, the ADME profiles of these compounds 
exhibited some interesting features. Sepaconitine, for 
instance, possesses favorable ADME features with MW 
(558.66 g/mol), low lipophilicity (MlogP = 0.54) and moder-
ate number of HBA and HBD. These features indicate that it 
would have moderate absorption and distribution potential 
while lowering its liabilities to undergo metabolic clearance. 
Nonetheless, the inhibition of CYP2D6 by Sepaconitine 
raises concerns that these drugs may cause drug-drug interac-
tions, and therefore, extraordinary caution should be used in 
any therapeutic application.

Despite its strong binding affinity, lappaconitine exhibits 
Lipinski violation and CYP2D6 inhibition. This violation, 
along with its MW of 584.70 g/mol and relatively high TPSA 
(Topological Polar Surface Area) of 126.79 Å², may impact 
its bioavailability and distribution. Moreover, its interaction 
with CYP2D6 suggests potential metabolic interactions, 
emphasizing the need for cautious dosing strategies and 
monitoring. Aconitine and Ranaconitine exhibited good 
binding affinity for Na + channels but exhibited poor ADME 
profiles. Aconitine has a high MW (645.74 g/mol), a high 
count of HBA and HBD, which may hinder gut absorption 
and distribution. It interacts with various CYP isoforms, 
indicating multimodal metabolism of the compound, which 
necessitates detailed pharmacokinetic studies. Ranaconitine 
(600.70 g/mol and relatively high TPSA (from an absorption 
and distribution standpoint) exhibit similar effects as its inhi-
bition of CYP2D6, which can determine the metabolic fate 
of the drug and could potentially result in drug-drug interac-
tions that alter the safety and efficacy profile of the com-
pound. Conversely, rutin, a flavonoid glycoside, provided 
greater favorable ADME profiling, namely a MW of 
610.52 g/mol and low lipophilicity, as well as limited CYP 
inhibition.These properties indicate a higher potential for 
bioavailability and pharmacokinetic distribution, although 
its large number of TPSA and Lipinski violations may still 
present challenges. Thus, although the assessed bioactive 

secondary metabolites are good scaffolds for future pain-
relief drugs, their ADME parameters also show the need for 
greater appreciation of pharmacokinetic properties alongside 
binding affinities.

Examination of drug-likeness and toxicity

A focused study on profiling the drug-likeness and toxic-
ity of bioactive secondary metabolites will help predict 
their therapeutic utility and potential toxicity. As shown in 
Table 5, many compounds have different toxicity and 
drug-likeness profiles; therefore, we can predict that some 
compounds might be suitable for therapeutic use. Although 
menthol and camphor scored highly for mutagenicity, 
tumorigenicity, and irritancy, for which they have been 
known for a while to be highly toxic, they have high effi-
cacy, suggesting that they have potent pharmacological 
activity. However, such high toxicity suggests that they 
are not safe or well-tolerated in therapeutic regimes. 
Similarly, despite a high efficacy score and high toxicity 
score, the latter means that careful assessment is required 
because although it could prove to be a useful pharmaco-
logically active component, it might not be safe.

In contrast, compounds such as linalool, α-terpineol, and 
β-caryophyllene showed fewer toxicological concerns with 
relatively neutral drug-likeness scores. While Linalool is non-
reproductive but is associated with high irritancy, α-terpineol 
and β-caryophyllene present relatively favorable safety pro-
files, making them potentially attractive candidates for further 
investigation. Aconitine, Lappaconitine, Bulleyaconitine A, 
Sepaconitine, and Ranaconitine demonstrated moderate drug-
likeness scores, suggesting their potential for use as drug can-
didates. However, their moderate to high toxicity profiles raise 
safety concerns, necessitating the comprehensive evaluation 
and development of mitigation strategies to minimize adverse 
effects. Tetrahydroharman exhibits low mutagenicity and 
moderate drug-likeness, indicating a relatively favorable 
safety profile compared to other compounds. Conversely, 
Tetrahydronorharman displays significantly negative drug-
likeness, raising questions about its pharmacological applica-
bility despite its relatively neutral toxicity profile. Compounds 
such as Thymol, Eugenol, and Quercetin demonstrate high 
mutagenicity and irritant properties, limiting their therapeutic 
utility, despite their moderate drug-likeness scores. Rutin, 
Catechin, Epicatechin, Anthocyanins, Epigallocatechin-3-
gallate, and Epigallocatechin exhibited moderate to low drug-
likeness with minimal toxicological concerns, suggesting 
potential pharmacological activity that warrants further inves-
tigation. Despite its moderate drug-likeness, kolaflavanone is 
associated with high reproductive toxicity, underscoring the 
importance of evaluating both its efficacy and safety profiles 
in drug development. Finally, despite its moderate drug-like-
ness, resveratrol exhibits high mutagenicity and irritancy, indi-
cating potential limitations that must be addressed for its 
therapeutic use.
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Table 4.  Computational ADME properties and CYP inhibition of bioactive secondary metabolites.

Bioactive secondary metabolite MW (g/mol) MlogP HBA HBD
TPSA 
(Å2)

Lipinski 
violation CYP inhibitor

Menthol (C10H20O) 156.27 2.45 1 1 20.23 0 None
Camphor (C10H16O) 152.23 2.30 1 0 17.07 0 None
Linalool (C10H18O) 154.25 2.59 1 1 20.23 0 None
α-Terpineol (C10H18O) 154.25 2.30 1 1 20.23 0 None
Anethole (C10H12O) 148.20 2.67 1 0 9.23 0 CYP1A2
Furanodiene (C15H20O) 216.32 3.33 1 0 13.14 0 None
Methoxyfuranoguaia-9-ene-8-one (C16H20O3) 260.33 1.77 3 0 39.44 0 None
β-Caryophyllene (C15H24) 204.35 4.63 0 0 0.00 1 CYP2C19, CYP2C9
Aconitine (C34H47NO11) 645.74 0.23 12 3 153.45 2 None
Lappaconitine (C32H44N2O8) 584.70 1.24 9 3 126.79 1 CYP2D6
Bulleyaconitine A (C35H49NO9) 627.76 1.12 10 1 112.99 1 CYP2C19
Sepaconitine (C30H42N2O8) 558.66 0.54 9 4 143.94 1 CYP2D6
Ranaconitine (C32H44N2O9) 600.70 0.48 10 4 147.02 2 CYP2D6
Sarcorine (C25H44N2O) 388.63 4.14 2 1 32.34 0 None
Quinine (C20H24N2O2) 324.42 2.23 4 1 45.59 0 CYP2D6
Tetrahydroharman (C12H14N2) 186.25 1.84 1 2 27.82 0 CYP1A2, CYP2D6
Tetrahydronorharman (C17H20N2O4) 316.35 1.61 4 2 82.63 0 None
Thymol (C10H14O) 150.22 2.76 1 1 20.23 0 CYP1A2
Eugenol (C10H12O2) 164.20 2.01 2 1 29.46 0 CYP1A2
Quercetin (C15H10O7) 302.24 −0.56 7 5 131.36 0 CYP1A2, CYP2D6, CYP3A4
Catechin (C15H14O6) 290.27 0.24 6 5 110.38 0 None
Rutin (C27H30O16) 610.52 −3.89 16 10 269.43 3 None
Epicatechin (C15H14O6) 290.27 0.24 6 5 110.38 0 None
Anthocyanins (C15H11O) 207.25 3.28 1 0 13.14 0 CYP1A2, CYP2D6
Epigallocatechin-3-gallate (C22H18O11) 458.37 −0.44 11 8 197.37 2 None
Epigallocatechin (C15H14O7) 306.27 −0.29 7 6 130.61 1 None
Kolaflavanone (C31H24O12) 588.52 −0.48 12 7 203.44 3 CYP2C9, CYP3A4
Resveratrol (C14H12O3) 228.24 2.26 3 3 60.69 0 CYP1A2, CYP2C9, CYP3A4

In our comprehensive evaluation of bioactive secondary 
metabolites, three compounds emerged as top candidates for 
inhibiting neuropathic pain through modulation of Nav1.7, 
Nav1.8, and Nav1.9 receptors (Table 6). Sepaconitine, 
Lappaconitine, and Ranaconitine demonstrated robust bind-
ing affinities across all three receptor subtypes, indicating 
their potential efficacy in pain attenuation. Sepaconitine, 
which has notable ΔG values across all the receptors, is a 
promising candidate. Its strong binding affinity suggests an 
effective interaction with the target receptors, making it a 
compelling option for further investigation. Similarly, 
Lappaconitine exhibited consistent binding performance, 
indicating its potential as a versatile inhibitor across Nav1.7, 
Nav1.8, and Nav1.9 channels. Ranaconitine was less potent 
than Sepaconitine and Lappaconitine but still bound well to 
all three receptor types. Its profile suggests a role in neuro-
pathic pain and warrants further investigation of its thera-
peutic potential. Moreover, these selected metabolites 
possess desirable ADME properties, including good bio-
availability and favorable metabolic stability. Additionally, 

their drug-likeness scores implied compatibility with the 
drug development criteria, suggesting the feasibility of fur-
ther preclinical and clinical investigations. Furthermore, the 
absence of toxicity concerns enhanced the attractiveness of 
these compounds for therapeutic applications. These low 
values indicate that they are unlikely to be mutagenic, carci-
nogenic, or irritant, which is a desirable feature for potential 
new pharmaceuti-cal agents.

Pharmacophore modeling to assess active 
functional groups of bioactive secondary 
metabolites

Among the top three ligands, Sepaconitine, Lappaconitine, 
and Ranaconitine were subjected to detailed pharmacophore 
modeling to establish the features of the active moieties that 
produced the binding pattern to the three Nav channels 
(Nav1.7, Nav1.8, and Nav1.9) by adopting specific confor-
mations and interactions. The results obtained from 2D and 
3D pharmacophore tests offer valuable insights into the 
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binding mechanism and stability of the binding of the three 
ligands (Sepaconitine, Lappaconitine, and Ranaconitine) to 
the three sodium channel subtypes (Nav1.7, Nav1.8, and 
Nav1.9) through several types of interactions. The outcomes 
of the 2D and 3D pharmacophore tests are summarized in 
Table 7.

Pharmacophore modeling of sepaconitine revealed that its 
amine group is crucial for hydrophobic interactions with spe-
cific residues on Nav1.7 and Nav1.9 receptors. In Nav1.7, 
the amine group interacts with Ile1588, Phe1592, and 
Phe1598, which are known to play roles in ligand binding 
and channel modulation. These interactions suggest that 
sepaconitine stabilizes the channel in a conformation that 

enhances its binding affinity. For the Nav1.9 receptor, sepa-
conitine’s amine group of sepaconitine interacts with the 
Ala2 residue, indicating a different binding site or mode 
compared with Nav1.7. This unique interaction highlights 
the versatility of ligands for adapting to various receptor 
environments. In contrast, sepaconitine binds to Nav1.8 pri-
marily through hydrogen bonds formed by its carboxyl group 
with Ser1330 and Lys1333. These hydrogen bonds suggest 
that while the binding mode differs from that of Nav1.7 and 
Nav1.9, it still maintains a strong interaction, contributing to 
the overall efficacy of the ligand.

Lappaconitine has a pharmacophore profile in which its 
benzene ring primarily drives hydrophobic interactions with 

Table 5.  Toxicological profiles and drug-likeness of bioactive secondary metabolites.

Bioactive secondary metabolite Drug-likeness Mutagenic Tumorigenic Reproductive effective Irritant

Menthol (C10H20O) −10.47 High High None High
Camphor (C10H16O) −3.71 High High High High
Linalool (C10H18O) −6.68 None None None High
α-Terpineol (C10H18O) −3.35 None None None Low
Anethole (C10H12O) −4.04 High High High None
Furanodiene (C15H20O) −2.20 None None None None
Methoxyfuranoguaia-9-ene-8-one (C16H20O3) 0.08 None None None None
β-Caryophyllene (C15H24) −6.47 None None None None
Aconitine (C34H47NO11) 4.92 None None None None
Lappaconitine (C32H44N2O8) 4.60 None None None None
Bulleyaconitine A (C35H49NO9) 4.27 None None None None
Sepaconitine (C30H42N2O8) 3.65 None None None None
Ranaconitine (C32H44N2O9) 4.68 None None None None
Sarcorine (C25H44N2O) 3.04 None None None None
Quinine (C20H24N2O2) 0.87 None None None None
Tetrahydroharman (C12H14N2) 4.31 Low None None None
Tetrahydronorharman (C17H20N2O4) −33.02 None None None None
Thymol (C10H14O) −2.33 High None High None
Eugenol (C10H12O2) −4.64 High High None High
Quercetin (C15H10O7) −0.08 High High None None
Catechin (C15H14O6) 0.31 None None None None
Rutin (C27H30O16) 1.93 None None None None
Epicatechin (C15H14O6) 0.31 None None None None
Anthocyanins (C15H11O) −6.20 None None None None
Epigallocatechin-3-gallate (C22H18O11) −0.32 None None None None
Epigallocatechin (C15H14O7) 0.31 None None None None
Kolaflavanone (C31H24O12) 0.56 None None High None
Resveratrol (C14H12O3) −1.67 High None High None

Table 6.  The top three bioactive secondary metabolites (ligands) were selected based on the outcomes of molecular docking 
simulations, ADME parameters, drug-likeness, and toxicity assessments.

Bioactive secondary metabolite

ΔG (kcal/mol)

Drug-likeness ToxicityNav1.7 Nav1.8 Nav1.9

Sepaconitine −8.95 −7.73 −7.92 3.65 None
Lappaconitine −7.77 −8.00 −7.71 4.60 None
Ranaconitine −7.44 −7.51 −8.03 4.68 None
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Table 7.  Pharmacophore models were developed using both 2D and 3D structural data, derived from the most favorable docking 
conformations.

Complex 2D pharmacophore 3D pharmacophore

Nav1.7 complexes

  Sepaconitine:Nav1.7

  Lappaconitine:Nav1.7

  Ranaconitine:Nav1.7

Nav1.8 complexes
  Sepaconitine:Nav1.8

  Lappaconitine:Nav1.8

  Ranaconitine:Nav1.8

Nav1.9 complexes
  Sepaconitine:Nav1.9

(continued)
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Nav1.7 and Nav1.9. This is very important because this ben-
zene ring interacts with residues Phe1674 and Thr1678 in 
Nav1.7, which are critical for maintaining the structural integ-
rity of the channel and its function. This interaction suggests 
that lappaconitine may stabilize the receptor in a conformation 
favorable for binding. Similarly, on Nav1.9, lappaconitine’s 
benzene ring engages Leu4 and Ala83, indicating a binding 
mode comparable to that observed on Nav1.7. Furthermore, 
convergence across subtypes points to the potential of the 
ligand as a pan-sodium channel modulator. For Nav1.8, hydro-
gen bonding remains the primary interaction mechanism; how-
ever, a different paradigm has been suggested. Since Nav1.8 
has no hydrophobic interactions, differences in the nature of the 
receptor’s binding pocket might necessitate alternative binding 
strategies to achieve both stability and efficacy.

Ranaconitine shows a distinctive pharmacophore profile 
when interacting with Nav1.8 and Nav1.9, where its amine 
group plays a pivotal role in hydrophobic interactions. In 
Nav1.8, the amine group interacts with Met1384, a residue 
that likely contributes to the ligand’s strong binding affinity 
and stability. In Nav1.9, the amine group engages with Leu78, 
indicating a binding mechanism similar to that observed in 
Nav1.8. However, the interaction with Nav1.7 is markedly dif-
ferent. It acts primarily as a hydrogen bond acceptor, interact-
ing with Tyr1671 and Thr1678. This shift in the interaction 
type suggests that ranaconitine can adapt its binding strategy 
to fit the specific structural characteristics of different sodium 
channel subtypes, highlighting its versatility as a ligand.

Discussion

In molecular docking simulations, Sepaconitine, Lappaconitine, 
and Ranaconitine also demonstrated high binding affinities for 

Nav1.7, Nav1.8, and Nav1.9 sodium channels, respectively, 
thus describing Sepaconitine, Lappaconitine and Ranaconitine 
as potent inhibitors of sodium channels. These findings were 
further corroborated by a growing number of studies reporting 
that natural compounds can regulate the function of pain-asso-
ciated ion channels. Sepaconitine had the highest affinity for 
Nav1.7, and was much more potent as an inhibitor of the bind-
ing site than the standard drug lidocaine. This alludes to signifi-
cant inhibition with good contact with the binding site in the 
human channel and indicates potential efficacy as a painkiller 
by blocking pain signals. Previous studies have demonstrated 
the ability of aconitine derivatives to block sodium channels 
and manage neuropathic pain.75,76 The extremely high affinity 
of sepaconitine could be explained by its ability to form multi-
ple hydrophobic interactions and hydrogen bonds with key 
residues (Ile1588, Phe1592, and Phe1598) on Nav1.7, thus sta-
bilizing the ligand-receptor complex. All three compounds 
were very potent against Nav1.8 (which is involved in chronic 
pain conditions such as inflammatory pain, and effective inhi-
bition of this channel can greatly alleviate pain symptoms.4 The 
very high affinity of lappaconitine suggests that it may be a 
selective Nav1.8 inhibitor in view of its high-affinity interac-
tions with the important channel stability/function-related resi-
dues Ser1330 and Lys1333. Ranaconitine has a high affinity for 
Nav1.9, and is known to play a role in inflammatory and neu-
ropathic pain,9 and its inhibition can provide significant thera-
peutic benefits. The binding affinity of ranaconitine to residues 
Leu78 and Ala83 was particularly strong and stable, providing 
further evidence for its potential drug-likeness. These data are 
in line with the existing literature, which suggests the analgesic 
potential of natural alkaloids from Aconitum species as sodium 
channel modulators.77,78 The ability of these compounds to sta-
bly interact with multiple sodium channel subtypes highlights 

Complex 2D pharmacophore 3D pharmacophore

  Lappaconitine:Nav1.9

  Ranaconitine:Nav1.9

In the resulting visualizations, yellow spheres highlight regions of hydrophobic interactions, emphasizing areas where non-polar interactions play a crucial 
role in ligand binding. The green arrows represent hydrogen bond donors, indicating atoms that are capable of donating a hydrogen atom to form 
hydrogen bonds. Conversely, the red spheres identify hydrogen bond acceptors, marking atoms that can accept hydrogen bonds, thereby contributing to 
the stability and specificity of the ligand binding to the receptor.

Table 7.  (continued)
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their versatility and potential for use in broad-spectrum pain 
management.

In addition, the ADME properties (pharmacokinetic char-
acteristics) and therapeutic potential were evaluated. The 
ADME properties determine the bioavailability and systemic 
distribution of certain compounds. Therefore, these proper-
ties are directly proportional to the efficacy and safety of the 
compounds. Therefore, these properties are of great impor-
tance in determining the therapeutic potential of these com-
pounds, as sepaconitine has good ADME properties and 
Moderate HBA and HBD activities. Therefore, it is advanta-
geous in terms of absorption and distribution, as these two 
characteristics are prerequisites for good drug delivery.79 
However, Sepaconitine is also a CYP2D6 inhibitor, suggest-
ing that it may be prone to drug-drug interactions, and thus 
requires more cautious clinical use. Another study high-
lighted CYP450 inhibition by natural products, which would 
likely require close monitoring and dosage adjustments.80 
Lappaconitine exhibited promising ADME characteristics 
despite violating Lipinski’s rule of five, which could affect 
its bioavailability. Its molecular weight of 584.70 g/mol and 
relatively TPSA of 126.79 Å² suggest that while it may face 
challenges in crossing cell membranes, its strong binding 
affinity to sodium channels indicates it could still be effec-
tive with appropriate formulation strategies.81 CYP2D6 inhi-
bition by lappaconitine further emphasized the importance of 
metabolic interactions in the therapeutic arena. Metabolic 
considerations may be particularly troublesome for ranaconi-
tine, which possesses a high molecular weight, and TPSA, 
potentially complicating its pharmacokinetic profile. 
Nonetheless, its inhibition of multiple sodium channel sub-
types makes it an intriguing agent for pain treatment, assum-
ing that its pharmacokinetic profile could be optimized. 
Overall, we can conclude that the binding affinity, stability 
of the interaction with sodium channels, and pharmacoki-
netic profile should be optimized.82

The toxicity and pharmacokinetic profiles of Sepaconitine, 
Lappaconitine, and Ranaconitine were thoroughly evaluated 
to ensure their safety and therapeutic potential. The results 
indicated that all three compounds exhibited low mutagenic-
ity, tumorigenicity, and irritancy, suggesting that they pos-
sess relatively safe toxicity profiles for clinical use. These 
findings are particularly important for advancing these com-
pounds as therapeutic agents. In fact, Sepaconitine showed 
no significant toxicity concerns, making it an appealing can-
didate for further development. Historically, derivatives of 
aconitine have been found to be safe when used appropri-
ately, and studies have suggested that these compounds are 
promising candidates for therapeutic use, particularly for 
pain management.83 However, pharmacokinetic challenges 
related to bioavailability and CYP2D6 inhibition must be 
considered in further clinical development. Specifically, the 
CYP2D6 inhibition exhibited by these compounds, espe-
cially Sepaconitine, indicates the potential for drug-drug 
interactions, which could influence the metabolism of 

co-administered drugs. This poses a concern for therapeutic 
use, as drug interactions can lead to harmful or reduced ther-
apeutic outcomes. Therefore, careful monitoring of CYP2D6 
activity during co-administration with other drugs metabo-
lized by this enzyme is necessary to mitigate risks. 
Lappaconitine and Ranaconitine, like Sepaconitine, also 
demonstrated relatively low toxicity. However, their poten-
tial to inhibit CYP2D6 warrants a similar level of caution 
regarding drug-drug interactions. These findings are consis-
tent with the safety profiles of these compounds in traditional 
medicine, where they have been widely used for the treat-
ment of pain with minimal adverse effects.84 From a pharma-
cokinetic perspective, these compounds face challenges in 
bioavailability, which is essential for their efficacy as thera-
peutic agents. Structural modifications could be explored to 
enhance bioavailability and improve their pharmacokinetic 
properties. For example, lipophilic modifications could help 
improve absorption, and the addition of functional groups 
could potentially reduce toxicity while enhancing target 
specificity.85 Further optimization could involve prodrug 
strategies or the development of controlled-release formula-
tions to ensure sustained drug action while minimizing side 
effects.

Pharmacophore modeling revealed detailed characteristics 
of the functional groups and interactions responsible for the 
binding of these molecules to Nav1.7, Nav1.8, and Nav1.9 
sodium channels, which is important for understanding the 
structural motifs contributing to the high binding affinities of 
these ligands. The pharmacophore model showed that the 
amine group of sepaconitine is important for hydrophobic 
interactions with residues Ile1588, Phe1592, and Phe1598 in 
Nav1.7, and Nav1.9. These interactions stabilize the channel 
in a conformation that enhances binding affinity. Additionally, 
Sepaconitine formed hydrogen bonds with Ser1330 and 
Lys1333 in Nav1.8, suggesting a different binding mode that 
maintains a strong interaction. The benzene ring in lappaconi-
tine is essential for hydrophobic interactions with residues in 
Nav1.7 and Nav1.9, such as Phe1674 and Thr1678. These 
interactions help to stabilize the receptor and contribute to the 
high binding affinity of the ligand. In Nav1.8, lappaconitine 
primarily acts as a hydrogen bond acceptor, indicating a dif-
ferent interaction paradigm that ensures strong binding.86 
Ranaconitine has a unique pharmacophore profile, with its 
amine group positioned to form hydrophobic contacts with 
Met1384 in Nav1.8 and Leu78 in Nav1.9. This is likely 
important for the relatively high affinity and stability of ligand 
binding. In Nav1.7, on the other hand, Ranaconitine predomi-
nantly forms hydrogen bonds with Tyr1671 and Thr1678, a 
potentially adaptive binding strategy to accommodate differ-
ent sodium channel subtypes.

Pharmacokinetic and clinical translation challenges of 
Sepaconitine, Lappaconitine, and Ranaconitine must be 
carefully addressed for successful therapeutic development. 
While the findings from molecular docking and pharmaco-
phore modeling demonstrate promising binding affinities for 
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the sodium channels Nav1.7, Nav1.8, and Nav1.9, translat-
ing these compounds into clinically viable agents requires 
overcoming several pharmacokinetic hurdles. Bioavailability 
remains a significant challenge, particularly for Lappaconitine 
and Ranaconitine, whose relatively high molecular weights 
and polar surface areas may hinder their ability to cross bio-
logical membranes effectively. In such cases, structural mod-
ifications such as increasing lipophilicity or utilizing prodrug 
strategies could be explored to enhance absorption and 
improve their pharmacokinetic profiles. Furthermore, the 
inhibition of CYP2D6 by Sepaconitine, Lappaconitine, and 
Ranaconitine presents a critical issue regarding potential 
drug-drug interactions. In clinical applications, careful moni-
toring of CYP2D6 activity will be necessary, especially 
when co-administering with other drugs metabolized by this 
enzyme, as interactions may result in altered drug efficacy or 
toxicity. Despite these challenges, the low toxicity profiles 
observed, as well as the historical use of related compounds 
in traditional medicine, suggest these agents could offer a 
relatively safe and effective solution for pain management 
when appropriately formulated. To ensure their clinical 
translation, further preclinical and clinical studies focusing 
on pharmacokinetics, optimal dosing strategies, and drug-
drug interaction profiles will be crucial. Moreover, regula-
tory considerations, including adherence to guidelines for 
new anesthetic agents, will play an essential role in advanc-
ing these compounds from bench to bedside. Ultimately, 
optimization of these compounds, both in terms of their 
pharmacokinetic properties and their ability to minimize 
drug interactions, will be key for their successful develop-
ment as next-generation pain therapeutics

Limitations and future works

The primary limitation of this study is its reliance on com-
putational methods such as molecular docking and ADME 
predictions. Many virtual approaches serve as useful initial 
insights into possible interactions and pharmacokinetic 
profiles but cannot fully capture the essence of experimen-
tally conducted trials, which ultimately serve as the gold 
standard in drug discovery. The static models of sodium 
channels used in docking studies can miss out on the 
dynamic nature of these proteins and their interactions 
with other molecules in the physiological environment. 
Additionally, the lack of experimental data on human 
sodium channels necessitates further investigation to con-
firm the relevance of these findings to human physiology. 
Another issue is the risk of a possible drug-drug interac-
tion caused by CYP2D6 inhibition of Sepaconitine, 
Lappaconitine, and Ranaconitine, which may hinder their 
clinical application. Despite the good ADME predictions, 
the relatively high molecular weights, including some 
potential Lipinski rule violations, could be a barrier to bio-
availability and delivery, which requires advanced design 
formulations to achieve optimal therapeutic effects.

Future studies should integrate experimental validation, 
such as in vitro and in vivo experiments, to validate the binding 
affinities and therapeutic benefits of the identified compounds 
as well as detailed structure-activity relationship (SAR) studies 
to optimize these compounds for better efficacy and safety. 
Dynamic simulations and advanced formulation strategies 
should be employed to address the challenges associated with 
drug bioavailability and delivery. Comprehensive toxicity 
assessments and investigations into potential drug-drug inter-
actions are essential for ensuring the safety and efficacy of 
these compounds in clinical settings. Finally, clinical trials are 
needed to evaluate the potential of Sepaconitine, Lappaconitine, 
and Ranaconitine as therapeutic agents for the treatment of 
painful dental pulp and to develop new anesthetic agents.

Conclusion

The present study evaluated the ability of bioactive second-
ary metabolites from medicinal plants to inhibit voltage-
gated sodium channels (Nav1.7, Nav1.8, and Nav1.9), which 
cause dental pulp pain. Using various computational 
approaches, such as molecular docking simulations, ADME 
predictions, toxicity predictions, and pharmacophore model-
ing, three compounds, Sepaconitine, Lappaconitine, and 
Ranaconitine, were proposed as the best binders with excel-
lent ADME profiles and low toxicity. Remarkably, the com-
pounds bound in a similar manner across all sodium channel 
subtypes, suggesting that they could act as broad-spectrum 
modulators of pain signaling in dental pulp. The in-depth 
computational analysis helped to gain an understanding of 
the molecular mechanisms underlying the modulatory 
actions of the bioactive metabolites on sodium channels, 
paving the way for future experimental validation and clini-
cal translation in dental therapy. Nevertheless, it is important 
to consider the fundamental limitations of computational 
approaches and to reinforce the fact that rigorous experimen-
tal studies are imperative to validate the therapeutic effec-
tiveness and safety of the compounds tested in dental pulp 
management. Future research directions include performing 
further in vitro and in vivo assays, structure-activity studies, 
formulation optimization for dental applications, and clinical 
trials to evaluate the analgesic efficacy of these natural com-
pounds in dental practice. In summary, this study demon-
strated that natural products have great potential for the 
development of novel analgesic drugs for the treatment of 
painful dental pulp.
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