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sition and toxicity studies on
Lantana camara L. flower essential oil and its in
silico binding and pharmacokinetics to superoxide
dismutase 1 for amyotrophic lateral sclerosis (ALS)
therapy†

Abdullah Haikal *a and Ahmed R. Ali bc

Using the gas chromatography mass spectrometry method, the chemical components of essential oil from

flowers of Lantana camara growing in Egypt are analyzed. Through this investigation, 22 chemicals from

floral oil were identified. Most of the oil is made up of sesquiterpene caryophyllene (15.51%) and

monoterpene sabinene (14.90%). When the oil's composition was compared to oils extracted from the

same plant on several continents, we observed that the essential components were largely the same

with some difference in proportions and some compounds due to geographical differences. A molecular

docking study of essential oil components was conducted with human superoxide dismutase 1, a target

involved in the pathophysiology of amyotrophic lateral sclerosis (ALS). Isospathulenol showed

a comparable docking score to the reference ligand bound to the dismutase enzyme. Isospathulenol

showed a reasonable drug score with some safety concerns. In addition, isospathulenol is predicted to

have high GI absorption, good permeability through the blood–brain barrier and reasonable

bioavailability score with ease access to synthetic modifications. In addition, the same compound is

devoid from any violation to Lipinski rules or any PAINS alerts. This may establish the promising

characteristics of such a compound to be optimized into potential drug candidates for treatment of ALS.
1 Introduction

Amyotrophic lateral sclerosis (ALS) is a very debilitating, rapidly
progressing, and lethal neurodegenerative illness characterized
by the damage and death of lower motor neurons in the brain
stem and spinal cord and upper motor neurons in the cerebral
cortex.1 The hallmark of ALS is a gradual loss of voluntary motor
function, which makes it difficult for the patient to work and
carry out everyday tasks.2 Three to four years aer the start of
symptoms, the disease symptoms can exacerbate muscle
weakness and the patient might experience respiratory paralysis
leading to death.3 Total US national costs spanned ∼$212
million–∼$1.4 billion USD per year, and variably consisted of
direct costs associated with healthcare resource use and
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indirect costs.4 From 0.26 per 100 000 person-years in Ecuador
to 23.46 per 100 000 person-years in Japan, there were differ-
ences in the incidence of ALS. The range of point prevalence was
1.57 per 100 000 in Iran and 11.80 per 100 000 in the US.5 The
number of ALS patients is expected to increase by 69% in the
next 20 years because of population ageing, especially in
developing nations.6 ALS is still incurable, although there are
some recognized medications. Physical therapy and symptom-
atic therapies are the only areas of focus for ALS patient care.7

Riluzole is an anti-glutamatergic medication that prevents
glutamate from being released presynaptically.8 Edaravone
received FDA approval in 2017 to treat ALS aer it was approved
in Japan in 2015 for marketing and manufacture.9 As a radical
scavenger, antioxidant, and anti-inammatory against oxidative
stress and reactive oxygen species, edaravone provides its neu-
roprotective benets. Furthermore, it halts the degeneration of
motor neurons in the brain and spinal cord by lowering fas-
associated death domain (FADD) through its anti-apoptotic
action.8 Patients who receive riluzole and edaravone, the two
medications licensed for the treatment of ALS, have a few-
month survival advantage. Compared to patients who got
a placebo, patients who received 100 mg per day of riluzole had
a higher rate of survival. In one trial, the riluzole group's
median survival time was 17.7 months, while the placebo
© 2024 The Author(s). Published by the Royal Society of Chemistry

http://crossmark.crossref.org/dialog/?doi=10.1039/d4ra04281f&domain=pdf&date_stamp=2024-08-02
http://orcid.org/0000-0003-2548-3507
http://orcid.org/0000-0002-1719-6199
https://doi.org/10.1039/d4ra04281f
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra04281f
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA014033


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
A

ug
us

t 2
02

4.
 D

ow
nl

oa
de

d 
on

 2
/1

2/
20

26
 3

:5
6:

17
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
group's was 14.9 months.10 Therefore, there is urgent need to
develop more potent therapies for illnesses like ALS, but
achieving so will necessitate developing a solid understanding
of the fundamental mechanisms and reasons behind these
disorders.11

The precise mechanism of ALS deterioration is still unknown
because of its diverse and complicated character.12 Neverthe-
less, some of the primary etiological pathways involved in the
pathophysiology of ALS are glutamate excitotoxicity, oxidative
stress, inammatory pathway, and protein aggregation.13 There
are two types of ALS: familial (fALS) and sporadic (sALS). 95–
90% of ALS cases are sporadic, whereas 5–10% are familial.14

SOD1 gene mutations account for around 7% of all sALS cases
and 23% of fALS cases, making them common and signicant
causes of ALS.15 Superoxide dismutase 1 is a key cytoplasmic
antioxidant enzyme that is encoded by the SOD1 gene. Super-
oxide radicals are converted to hydrogen peroxide and molec-
ular oxygen by the Cu/Zn metalloenzyme SOD1.16 Through this
process, cells are shielded from oxidative stress and the
damaging effects of superoxide radicals.17 ALS has previously
been linked to more than 185 SOD1 mutations.15 While these
mutations impact distinct regions of the SOD1 structure,18

a signicant number of them result in enhanced oxidative
damage and protein aggregation, which are essential compo-
nents of the pathogenicity of ALS.19,20

The entire drug development process, from discovery to
clinical application, is fraught with difficulties and complica-
tions that stand in the way of nding compounds and devel-
oping a viable treatment for ALS.21 The pathophysiology of ALS
is associated with a number of cellular pathways and a multi-
tude of hereditary and environmental variables. It is still diffi-
cult to comprehend these systems and nd trustworthy
treatment targets. In addition, it might be challenging to
demonstrate that modifying putative targets would have
a benecial therapeutic effect, even in cases when they are
found. To evaluate the effectiveness of possible treatments in
preclinical research, trustworthy biomarkers for disease
progression and treatment response are required. In addition,
SOD1 transgenic mice and other animal models of ALS have
shed light on the disease, they fall short of accurately simu-
lating human ALS. These models' outputs frequently don't
transfer into successful therapeutic outcomes.22,23 In order to
address these gaps, a multifaceted strategy including improve-
ments in preclinical model creation, basic research advance-
ments, creative trial designs, and successful collaborations is
needed. That is why we see the urgent need to pursue
a continuous virtual screening for novel sources for new hit
compounds for ALS treatment. According to experimental
research, targeting SOD1's Trp32 binding site enables it to
function as an inhibitor by preventing the interaction between
WT-SOD1 and mutant or misfolded SOD1. This is because
a misfolded SOD1 and a natural SOD1 come into contact at the
Trp32 residue of the Trp32 site. Furthermore, binding of the
ligand at exposed hydrophobic residues such as Ile99 and Lys30
strengthens the resistance to misfolding and aggregation by
decreasing unfavorable solvent interactions.24 This signicantly
© 2024 The Author(s). Published by the Royal Society of Chemistry
promotes our searches for novel compounds targeting such
binding site of SOD1.

A growing number of natural compounds from plant origin
like quercetin, ginkgolides, madecassoside, celastrol, curcumin,
withaferin A, ferulic acid, huperzine A, berberine, and others have
been investigated for their potential use in treating or controlling
ALS via different mechanisms. For many years, these substances
have also been utilizedmedically to treat wide range of illnesses.25

About 150 species of shrubs and herbaceous plants make up the
genus Lantana, which is a member of the Verbenaceae family.26

Lantana camara is a fragrant, evergreen shrub of the genus
Lantana that is one of the most important medicinal plants in the
world.27,28 Although L. camara is native to tropical regions of
America and Africa, it has been introduced as an ornamental
plant to most countries of the world.29 In traditional medicine, L.
camara has been widely used to treat a variety of conditions,
including fevers, rheumatism, chicken pox, measles, ulcers,
cancer, high blood pressure, tetanus, tumours, eczema, cuts, and
catarrhal infections.26,30–32 It is a superior source for several groups
of bioactive natural compounds, such as triterpenoids, avo-
noids, steroids, iridoid glycosides, oligosaccharides, phenyl-
propanoid glycosides, and naphthoquinones.33–35 These
phytomolecules exhibit a diverse range of biological activities,
including hepatoprotective, leishmanicidal, anticancer, antibac-
terial, antioxidant, antimycobacterial, nematicidal, and antiulcer
activities.30,32,35–39 Furthermore, it has been demonstrated that L.
camara is among the most readily available and reasonably priced
materials for the extraction of industrial essential oils, sometimes
referred to as lantana oils.40,41 Previous studies on isolated
essential oils from different parts of L. camara have shown them
to possess a variety of biological activities, including anti-
inammatory,42 antibacterial,43 antioxidant,44 insecticidal,45 alle-
lopathic,46 and larvicidal.47

One of the most commonly used approaches for developing
new drugs, known as “structure-based drug design”, is
concentrated on locating and characterizing biological targets,
mostly proteins, and then matching those targets with small
molecule compounds that possess the tight binding affinity to
them.48–50 As a result, it's intriguing to examine how the
components of the L. camara owers essential oil may have
potential for interaction with the protein superoxide dismutase
1 during their signaling cascade. In this study, we provide
a thorough chemical examination of the volatile ingredients in
the essential oils extracted from L. camara owers grown in
Egypt. Molecular docking simulations have also been employed
to predict the possible binding of the natural components of L.
camara owers oil to proteins associated with the superoxide
dismutase 1 receptor. On those identied compounds, we also
carried out pharmacokinetics and ADME (absorption, distri-
bution, metabolism, and excretion) investigations in addition
to assessment of their toxicity.

2 Materials and methods
2.1. Plant material

The Lantana camara owers were collected at the owering
stage in April from the medicinal plant station, Pharmacognosy
RSC Adv., 2024, 14, 24250–24264 | 24251
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Table 1 Essential oil composition of Lantana camara flowersa

Peak
no.

Retention
time

Literature
RI61

Calculated
RI

M+

peak
Base
peak

Peak area
%

Identied
compounds Structure

1 4.48 873 875 136 93 2.12 2-Thujene

2 4.60 939 938 136 93 3.35 a-Pinene

3 4.84 954 955 136 93 2.51 Camphene

4 5.32 975 977 136 93 14.9 Sabinene

5 5.73 990 989 136 93 2.48 b-Myrcene

6 6.16 1011 1014 136 93 3.61 3-Carene

7 6.35 1026 1025 134 119 2.25 o-Cymene

24252 | RSC Adv., 2024, 14, 24250–24264 © 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 (Contd. )

Peak
no.

Retention
time

Literature
RI61

Calculated
RI

M+

peak
Base
peak

Peak area
%

Identied
compounds Structure

8 6.54 1031 1031 154 81 8.14 Eucalyptol

9 7.02 1050 1051 136 93 2.27 b-cis-Ocimene

10 7.25 1059 1056 136 93 2.40 g-Terpinene

11 10.14 1164 1163 150 108 2.43 Terpinen-4-ol

12 15.53 1376 1375 204 161 2.45 a-Copaene

13 16.53 1419 1421 204 91 15.51 Caryophyllene

14 17.32 1438 1440 204 81 7.69 Humulene

© 2024 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2024, 14, 24250–24264 | 24253
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Table 1 (Contd. )

Peak
no.

Retention
time

Literature
RI61

Calculated
RI

M+

peak
Base
peak

Peak area
%

Identied
compounds Structure

15 17.95 1441 1441 204 41 3.75 Aromandendrene

16 18.32 1485 1487 204 161 4.12 Germacrene D

17 19.69 1500 1500 204 93 2.63 Bicyclogermacrene

18 19.91 1563 1566 204 41 4.27 trans-Nerolidol

19 20.70 1585 1584 220 43 2.50 Caryophyllene oxide

20 21.18 1623 1622 220 43 3.63 Isospathulenol

21 21.63 1631 1630 220 95 2.39 Longifolenaldehyde

22 22.13 1672 1675 220 41 2.47 Aromadendrene oxide I

97.87

a Bold values point out the major components.

24254 | RSC Adv., 2024, 14, 24250–24264 © 2024 The Author(s). Published by the Royal Society of Chemistry
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Department, Faculty of Pharmacy, Mansoura University,
Dakahlia, Egypt. The plant identity was conrmed by Prof.
Ibrahim Mashaly, Professor of Ecology and Systematic Botany,
Faculty of Science, Mansoura University. A voucher specimen
(LCF221.2024) is deposited at the Pharmacognosy Department,
Faculty of Pharmacy, Mansoura University.51,52
2.2. Hydro-distillation of the essential oil

Fresh Lantana camara owers (250 g) were crushed into small
pieces and subjected to hydro-distillation for 3 hours using
Clevenger-type equipment according to European Pharmaco-
piea53 to get clear, yellow-colored oil. The obtained oil was
collected and dehydrated using anhydrous sodium sulfate (El-
Nasr Company for Pharmaceutical Chemicals, Egypt) and kept
in a sealed vial at low temperatures in a refrigerator in the dark
at 4 °C until use for GC/MS analysis and biological
investigations.
2.3. Gas chromatography-mass spectrometry (GC/MS)
analysis

Thermo Scientic's Trace GC-ISQmass spectrometer, which has
an A3000 autosampler and a TG-5MS capillary column with a 30
m length, 0.25 mm i.d., and 0.25 m lm thickness, was used for
the GC/MS analysis. The temperature was scheduled in gradient
mode (10 °C minutes−1) between 50 and 280 °C. Source
temperature: 200 °C; interface temperature: 220 °C; injector
temperature: 220 °C. Mass spectrometer adjusted in EI mode at
70 eV. One mL of diluted material was injected in splitless mode
with a 50–600 amu mass scan. Helium was employed as the
carrier gas (1 mL min−1). A combination of fatty acid methyl
esters (C5–C20) was immediately fed into the GC injector under
the aforesaid temperature program to compute the retention
index of each molecule for the identication of the oil compo-
nents based on their retention indices. All component retention
indices were calculated using van Den Dool's technique.54 A
comparison of the component's mass spectral fragmentation
patterns and base peak with those found in the literature55,56 or
in the mass spectral databases NIST and ChemStation data
system further corroborated the identity of the components.
Fig. 1 Gas chromatogram of the essential oil from Lantana camara flow

© 2024 The Author(s). Published by the Royal Society of Chemistry
2.4. Molecular docking and assessment of pharmacokinetic
properties

AutoDock 4.2 (ref. 57) interfaced with LigandScout,58 which uses
empirical scoring functions, the energy-minimized protein was
employed for molecular docking. The grid box size was centered
guided by the position of naphthalene–catechol linked refer-
ence compound. Genetic algorithm runs (default: 20) dene the
specied number of docking runs using the simulated anneal-
ing search engine. RMSD cluster tolerance (Å) (default: 2.0 Å) set
the RMSD threshold (in Å) for joining together multiple docking
results and show them as one entry in the list of docked poses.
Number of individuals in population (default: 150) denes the
size of the initial population for the genetic algorithm search.
The maximum number of energy evaluations is the maximum
number of energy evaluations performed during each genetic
algorithm search run and was set to default value of 2 500 000.
Maximum number of generations (default: 27 000) set the
maximum number of generations simulated during each
genetic algorithm search run. SwissADME59 and the OSIRIS
Property Explorer in DataWarrior60 were used to evaluate the
absorption, distribution, metabolism, excretion, and toxicity
(ADMET) properties. This was done in order to assess the
chosen compounds' pharmacologic characteristics and drug-
likeness.
3 Result and discussion
3.1. Essential oil composition of Lantana camara owers

Yellow essential oil with a yield 0.1% v/w, lighter than water, was
extracted from Lantana camara owers. The oil components are
shown in Table 1, together with their percentages and retention
indices. A total of twenty-two compounds (97.87%) were found.
The majority of the oil's ingredients, monoterpenes and
sesquiterpenes, represent 48.91% and 48.96% of the mixture,
respectively. Sabinene (14.90%) and eucalyptol (8.14%) are the
principal components of monoterpenes, whereas caryophyllene
(15.51%) and humulene (7.69%) are the principal components
of sesquiterpenes. Out of all the sesquiterpenes that have been
found, 15.26% are oxygenated sesquiterpenes, while about
10.57% are oxygenated monoterpenes. o-Cymene is the only
ers.

RSC Adv., 2024, 14, 24250–24264 | 24255
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Table 2 Effects of geographical origin on Lantana camara flowers essential oil composition

Country First major compound Second major compound Reference

Egypt Present study

Egypt 62

Brazil 63

Cameroon 64

Côte d’Ivoire 65

India 66

24256 | RSC Adv., 2024, 14, 24250–24264 © 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 (Contd. )

Country First major compound Second major compound Reference

Indonesia 67

Nigeria 68

Saudi Arabia 69
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aromatic volatile chemical that has been found among the
ingredients (Table 1 and Fig. 1). L. camara owers' essential oil
is mostly composed of monoterpene sabinene (14.90%) and
sesquiterpene caryophyllene (15.51%).

By comparing the percentages of compounds in the afore-
mentioned plant oil with the percentages of compounds in the
same oil from different geographical environments, we could
come up with several observations. Sesquiterpenes car-
yophyllene and humulene represent the major constituents of
the oil which are also collected in Egypt from the shrubs culti-
vated in the gardens of the National Gene Bank, National
Institute of Horticulture, Faculty of Agriculture, Cairo Univer-
sity, in December 2004. Oil extracted from plant owers in
African lands like Cameroon is characterized by a high
percentage of aromatic sesquiterpene (ar-Curcumene) and
oxygenated sesquiterpene (Nerolidol), while sesquiterpenes
caryophyllene and humulene represent the major constituents
of the owers oil from Côte d'Ivoire. The high percentage
compounds of Nigerian ower oil are similar to the oil isolated
in this study, but with different proportions.

By heading to the continent of Asia, we nd the major
constituents of the oil isolated in the country of India: sesqui-
terpenes, caryophyllene and bicyclogermacrene. Indonesia is
characterized by a high percentage of sesquiterpene car-
yophyllene and oxygenated sesquiterpene (davanone). In Saudi
Arabia, oxygenated sesquiterpene caryophyllene oxide is the
main constituent of L. camara ower essential oil. Finally, when
© 2024 The Author(s). Published by the Royal Society of Chemistry
we landed in South America, specically in Brazil, we found
sesquiterpenes germacrene D and germacrene B represent the
major percentage of components in this oil. From this, it
becomes clear to us the effect of different environments and
climates on the composition of essential oils separated from
plants. These results are summarized in Table 2.

3.2. Molecular docking study

Superoxide dismutase 1 (SOD1) in humans converts the
superoxide anion radical to H2O2, shielding cells from reactive
oxygen species.70 The neurodegenerative condition known as
amyotrophic lateral sclerosis (ALS) was rst associated with the
gene SOD1. More than 20 years ago, mutations in SOD1 were
also shown to be the cause of ALS. The loss of motor neurons in
ALS is a deadly neurological disease that eventually results in
paralysis and death.71 In order to determine the mechanism of
interaction between two interacting chemical entities (inhibi-
tors and receptor sites), we conducted a molecular modeling
study. In this work, we used the LigandScout to predict 3D
binding modes by computational docking simulation.58 In this
work, we estimated the binding affinity in kcal mol−1 of our
isolated compounds against superoxide dismutase 1 in (PDB
code: 5YTO). This can aid in the interpretation of the biological
activity for such isolated natural compounds and will help with
future structural optimization efforts to produce more potent
inhibitors. The X-ray crystal structure of superoxide dismutase 1
in complex with naphthalene–catechol linked compound (PDB
RSC Adv., 2024, 14, 24250–24264 | 24257
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Fig. 2 2D binding pose for reference naphthalene compound in
human superoxide dismutase 1 active site (PDB Id: 5YTO).
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code: 5YTO) was chosen for molecular docking investigations of
our isolated phytochemicals. The X-ray crystal structure of
superoxide dismutase 1 (PDB code: 5YTO) was downloaded
from the Protein Data Bank (PDB) database (www.rcsb.org).
This specic isoform was selected due to its good parameters
for experimental resolution (1.9 Å), R-value work of 0.179, and
R-value free of 0.215.72 The reference naphthalene compound
formed hydrophobic interactions primarily between Trp32
and aromatic rings, a positive ionizable interaction between
Glu21 and the secondary amine, and hydrogen bond
interactions between Glu100 and the phenolic hydroxyl group,
according to the interactions derived from the X-ray derived
structure (Fig. 2). In order to conrm that the docking program
could reproduce the bioactive conguration of the naphtha-
lene–catechol linked compound, we rst veried our docking
method by removing the reference compound from the
Table 3 Estimated binding energy of isolated phytochemical human su

Entry Comp. id Estimated DG (kcal mol−1) E

1 2-Thujene −4.92 1
2 a-Pinene −5.03 1
3 Camphene −5.15 1
4 Sabinene −4.92 1
5 b-Myrcene −4.31 1
6 3-Carene −5.17 1
7 o-Cymene −4.45 1
8 Eucalyptol −5.03 2
9 b-cis-Ocimene −4.43 2
10 g-Terpinene −4.43 2
11 Terpinen-4-ol −5.26 2
12 a-Copaene −7.02

24258 | RSC Adv., 2024, 14, 24250–24264
superoxide dismutase 1 crystallographic structure and docking
it into the binding site before running the molecular docking
simulation. In comparison to the initial X-ray determined
conformation, the best-docked ligand conformation displayed
in Fig. 2 exhibited a root mean square deviation (RMSD) of 1.2
Å.

Targeting superoxide dismutase 1, molecular docking has
been investigated in the identication of potential lead
compounds between the screened phytochemicals. The
protein–ligand complex binding energies were taken into
consideration when shortlisting the hits in elucidated natural
compounds. Twenty-two compounds were docked into the
catalytic domain of superoxide dismutase 1, guided by the site
of the co-crystallized naphthalene ligand, and their binding
energies were found to be either lower or like those of naph-
thalene–catechol linked compound (Fig. 2). The binding ener-
gies of entries 1–11 (Table 3) were ranging from −4.31 to
−5.26 kcal mol−1 lower than the binding energy of the reference
compound. Those entries showed a common hydrophobic
interaction with Trp32. Some additional interactions like
hydrophobic interaction with Val31 and Ile99 with a-pinene and
p-cation interaction with o-cymene. However, those additional
interactions with such entries did not improve the binding
affinity. For example, a-pinene and terpinen-4-ol, showing
interaction with Val29, still has a weak binding affinity (−5.03
and −5.26 kcal mol−1). They did not show a signicant increase
(less than 10% increase) when compared with 2-thujene which
had a binding affinity of −4.92 kcal mol−1. Entries 12–21
showed a promising docking score between −6.18 to
−7.45 kcal mol−1 which is lower or comparable to docking score
of the reference ligand.

The hydrophobic interaction with Trp32 still prevailed in
that specic series of compounds and most of them did not
form a hydrogen bond with any of the amino acid residues at
the binding site. This was demonstrated by visual inspection of
the docking modes shown in Fig. 3. Among the 23 poses shown
for the essential oil components and the reference compound,
we could nd that only two compounds, terpinen-4-ol and iso-
spathulenol, did not show this interaction. In addition,
previous studies have shown that targeting this Trp32-
containing binding site will inhibit SOD1 misfolding/
peroxide dismutase 1 (PDB Id: 5YTO)

ntry Comp. id Estimated DG (kcal mol−1)

3 Caryophyllene −6.78
4 Humulene −6.46
5 Germacrene D −6.90
6 Bicyclogermacrene −6.90
7 Aromandendrene −6.72
8 trans-Nerolidol −6.18
9 Caryophyllene oxide −6.58
0 Longifolenaldehyde −6.86
1 Isospathulenol −7.45
2 Aromadendrene oxide I −6.74
3 Reference ligand −7.78

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Docked poses of isolated phytochemicals in human superoxide dismutase I active site (PDB Id: 5YTO).
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aggregation by stabilizing solvent-accessible hydrophobic resi-
dues.24 Isospathulenol is the only exception of the previous
description and showed the highest binding energy with a value
© 2024 The Author(s). Published by the Royal Society of Chemistry
of −7.45 kcal mol−1. Such compound was able to form hydro-
phobic interaction with the key amino acid residue (Trp32) and
other non-polar side chain of Val 29 and Val31. In addition,
RSC Adv., 2024, 14, 24250–24264 | 24259
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isospathulenol was able to interact with Glu100 through
hydrogen bond in a similar pattern to the reference ligand with
the naphthalene–catechol core. This unique well-adjusted
interaction pattern of isospathulenol mimics the reference
ligand with similar binding energy. As a result, a hydrophobic
framework and hydroxy substituent properly positioned were
essential structural features that could be extracted from the
screened phytochemicals to attain binding affinity to our target
enzyme. Thus, by substituting the hydrophobic core and adding
extended substitutions appropriate locations, we can improve
the hydrophobicity surrounding the central scaffold and obtain
more potent analogs with tight binding affinity to superoxide
dismutase 1. Fig. 3 shows the binding poses for the screened
phytochemical compounds against human superoxide dis-
mutase 1 (PDB Id: 5YTO).
3.3. Assessment of toxicity risks, druglikeness, and drug
score for isolated phytochemicals

Using the open-source OSIRIS Property Explorer (https://
www.organic-chemistry.org/prog/), we assessed the toxicity
risks, drug-relevant properties, druglikeness, and drug score
for isolated compounds in this work. Table 4 displayed the
computed properties for the isolated phytochemicals. For this
chemical series, the log P value (log(Coctanol/Cwater)) offers
a trustworthy estimation of hydrophilicity. Low hydrophilicities
brought on by a high log P value may indicate ineffective
penetration or absorption of drug candidate. Compounds with
a log P value of less than 5.0 are probably going to be absorbed
Table 4 Calculated ADME properties, druglikenesss, drug-score and tox

Entry Comp. id c Log P Log S Mol. weight TPSA (Å2)

1 2-Thujene 2.61 −2.55 136.0 0
2 a-Pinene 2.72 −2.52 136.0 0
3 Camphene 2.8 −2.69 136.0 0
4 Sabinene 2.86 −2.69 136.0 0
5 b-Myrcene 4.29 −2.5 136.0 0

6 3-Carene 2.72 −2.52 136.0 0
7 o-Cymene 3.19 −2.83 134.0 0
8 Eucalyptol 2.11 −2.48 154.0 9.23
9 b-cis-Ocimene 4.23 −2.33 136.0 0
10 g-Terpinene 3.05 −2.37 136.0 0
11 Terpinen-4-ol 2.34 −2.19 154.0 20.23
12 a-Copaene 3.98 −3.62 204.0 0
13 Caryophyllene 5.49 −3.66 204.0 0
14 Humulene 6.24 −3.4 204.0 0
15 Germacrene D 5.96 −3.55 204.0 0
16 Bicyclogermacrene 5.53 −3.49 204.0 0

17 Aromandendrene 4.0 −3.79 204.0 0
18 trans-Nerolidol 5.4 −3.12 222.0 20.23
19 Caryophyllene oxide 4.06 −3.56 220.0 12.53
20 Longifolenaldehyde 2.95 −3.61 220.0 17.07
21 Isospathulenol 3.27 −3.14 220.0 20.23
22 Aromadendrene oxide I 2.92 −3.41 220.0 12.53

24260 | RSC Adv., 2024, 14, 24250–24264
effectively. Table 4 demonstrated low lipophilicity of our iden-
tied natural compounds (less than 5) except for entries 13–16
(caryophyllene humulene, germacrene D and bicyclogerma-
crene). Another factor provided by OSIRIS Property Explorer
that affects drug absorption and distribution is aqueous solu-
bility, denoted by log S. Inadequate water solubility of a chem-
ical may lead to inadequate absorption. Log S values are
represented in mol liter−1 by the OSIRIS program. Eighty
percent of themarketed drugs have log S values greater than−4.
Based on the results on Table 4, log S larger than −4 is present
in all the 22 entries dictating the need for further structural
modications to obtain good drug candidate. The ideal option
for molecular weights is to keep them as low as possible (less
than 500) in order to enable optimal delivery and absorption to
the site of action. All of the identied phytochemicals have low
molecular weights not exceeding 500 securing a chemical space
for molecular modications. The total polar surface area (TPSA)
of a molecule is computed by adding up its polar moieties of the
molecular surface. It has a strong correlation with many
bioavailability characteristics, including blood–brain barrier
penetration and intestinal absorption. The molecules are likely
to pass through membranes with ease if the total of all the polar
atoms exposed to the molecule's surface is approximately 80 or
100 Å2. It is more likely that the other isolated chemicals won't
have any problems with bioavailability aer oral delivery since
the TPSA value for all of them is less than 140 Å2.

Utilizing fragment-based druglikeness, OSIRIS Explorer
utilizes druglikeness scores for 5300 distinct substructure
moieties. Subunits from 15K commercial chemical compounds
icity risks for the isolated compounds

Druglike-nesss Drug-score

Toxicity risks
(mutagenicity, tumorigenicity,
irritancy, reproductive effects)

−1.61 0.53 None
−1.8 0.31 Irritant
−5.86 0.27 Mutagenic
−6.78 0.45 None
−7.82 0.09 Tumorigenic, irritant, and reproductive

effects
−2.9 0.17 Tumorigenic and irritant
−2.42 0.47 None
−3.21 0.17 Mutagenic and reproductive effects
−5.46 0.41 None
−2.82 0.29 Irritant
−7.41 0.28 Irritant
−6.25 0.23 Irritant
−6.49 0.18 Irritant
−4.72 0.28 None

−10.29 0.28 None
−4.88 0.07 Mutagenic, tumorigenic, and irritant

effects
−7.14 0.14 Tumorigenic and irritant
−6.38 0.19 Irritant
−4.77 0.25 None
−7.3 0.25 Irritant
−1.87 0.17 Tumorigenic and irritant
−4.97 0.09 Mutagenic, tumorigenic, and irritant

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(Fluka) and 3300 marketed pharmaceuticals were gathered to
create the OSIRIS fragment library. Based on statistical analysis
of druglikeness scores, nearly 80% of drug molecules are found
in the positive range, whereas the majority of Fluka compounds
are found in the negative range. Therefore, keeping the drug-
likeness value of potential drug candidate in the positive range
is a smart choice. As we can see, screened phytochemical
compounds have drug likeness values in the negative range.
Isospathulenol, showing the highest binding affinity with
superoxide dismutase 1, has a promising druglikeness value of
−1.87 which is the upper negative range. The OSIRIS explorer
tool generates toxicity risk alerts, which indicate that the
provided structure may have hazardous effects related to
a certain risk category. The submission of compounds with
a substructure that generates toxicity alerts is detected by the
OSIRIS explorer. The majority of the derived results were
predicated on the notion that most marketed drugs are toxicity-
free. Risky fragments are those that indicate a dangerous
compound's substructure and are infrequently or never present
in medications that are on the market. It is important to
remember that the same component may or may not have
harmful effects depending on whether risk alerts are present.
The entries 1, 4, 7, 9, 13, 14, 15, 16, and 19 did not exhibit any
discernible tendency to cause toxic consequences, however the
remaining isolated compounds were observed to have potential
toxicity hazards. Typically, c log P, log S, molecular weight,
druglikeness, and toxicity risks are combined into one value to
generate the drug-score in OSIRIS explorer. Amedicinal chemist
might use this useful parameter to nd out if the compound
qualies as a drug candidate. As we can see, the isolated
phytochemicals have drug scores ranging from 0.09 to 0.53.
Isospathulenol, with tight binding affinity with superoxide
Table 5 Calculated ADME properties for the isolated compounds

Entry Comp. id GI absorption BBB permeant Lipinski N

1 2-Thujene Low Yes 1
2 a-Pinene Low Yes 1
3 Camphene Low Yes 1
4 Sabinene Low Yes 1
5 b-Myrcene Low Yes 0
6 3-Carene Low Yes 1
7 o-Cymene Low Yes 1
8 Eucalyptol High Yes 0
9 b-cis-Ocimene Low Yes 0
10 g-Terpinene Low Yes 0
11 Terpinen-4-ol High Yes 0
12 a-Copaene Low Yes 1
13 Caryophyllene Low No 1
14 Humulene Low No 1
15 Germacrene D Low No 1
16 Bicyclogermacrene Low No 1
17 Aromandendrene Low Yes 1
18 trans-Nerolidol High Yes 0
19 Caryophyllene oxide High Yes 0
20 Longifolenaldehyde High Yes 0
21 Isospathulenol High Yes 0
22 Aromadendrene oxide I High Yes 0

© 2024 The Author(s). Published by the Royal Society of Chemistry
dismutase 1, has a moderate dug score value of 0.17. This could
be promising, which needs further improvement to get rid of
toxicity risks for that particular compound.

3.4. Assessment of cellular permeability, pharmacokinetics,
and medicinal chemistry friendliness of isolated
phytochemical compounds

We employed SwissADME, a free web server, to compute the
necessary factors for our separated phytochemicals to be used
as a viable drug candidate. The calculated properties are shown
in Table 5. A drug molecule needs to reach its action site at
a high enough concentration and remain there long enough to
cause the intended biological reaction. Because of this, medic-
inal chemists frequently use various computer models to esti-
mate various physicochemical characteristics for drug
compounds. The extracted phytochemicals were submitted to
be evaluated for ADME, pharmacokinetics, and medicinal
chemistry friendliness using the online SwissADME web
browser (http://www.swissadme.ch).59 Both passive
permeability in gastrointestinal absorption and penetration
through the blood–brain barrier (BBB) were determined using
the BOILED-Egg model.73 With the exception of eucalyptol,
terpinen-4-ol, trans-nerolidol, caryophyllene oxide, long-
ifolenaldehyde, isospathulenol, and aromadendrene oxide I,
the identied phytochemical compounds exhibit low GIT
permeability. Moreover, the identied natural compounds
showed strong BBB permeability with the exception of car-
yophyllene, humulene, germacrene D, and bicyclogermacrene
(Table 5). A drug molecule's potential to develop into an oral
drug candidate with adequate bioavailability may be indicated
by its drug-likeness value. The identied twenty-two
compounds was assessed based on Lipinski's rule of ve
. violations PAINS N. alert Bioavailability score Synthetic accessibility

0 0.55 4.19
0 0.55 4.44
0 0.55 3.50
0 0.55 2.87
0 0.55 2.85
0 0.55 3.84
0 0.55 1.00
0 0.55 3.65
0 0.55 3.63
0 0.55 3.11
0 0.55 3.28
0 0.55 4.62
0 0.55 4.51
0 0.55 3.66
0 0.55 4.55
0 0.55 4.34
0 0.55 3.70
0 0.55 3.53
0 0.55 4.35
0 0.55 3.45
0 0.55 4.35
0 0.55 4.03

RSC Adv., 2024, 14, 24250–24264 | 24261
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(Ro5). The Ro5 states that a candidate meets the following
requirements to be considered drug-like and orally active:
molecular weight <500 Da, octanol–water partition coefficient
(log P # 5), hydrogen-bond donor (HBD) # 5, and hydrogen-
bond acceptor (HBA) # 10.74 All of the identied phytochem-
ical compounds displayed 0–1 violations of Lipinski's rule of
ve.

Another computational item used by medicinal chemists to
direct their efforts in creating novel chemical entities is
“medicinal chemistry friendliness”. The capacity to identify
potentially troublesome substructure or patterns and decide
about which compounds to pursue in order of priority is
a fundamental and crucial stage in every drug discovery
endeavor. PAINS (also known as frequent hitters, promiscuous
compounds, or pan assay interference compounds) are chem-
icals with substructure moieties that, regardless of the target
protein, exhibit a potent and measurable response in several
assays. The fragments would be considered a possible threat to
furnish frequent hitters if they resulted in false positives in six
orthogonal assays.75 In the event that the submitted molecule
has such substructures, the SwissADME server would raise
alarms. All isolated phytochemical compounds displayed zero
warnings for the PAINS lter. The computation of a compound's
likelihood of having at least 10% oral bioavailability in rats or
the Caco-2 permeability model is the basis of the Abbot
Bioavailability Score. A violation of the Lipinski rule of ve, total
charge, and TPSA all affect this bioavailability score. Addition-
ally, this score might be useful in grouping submitted
compounds into four probability groups: 11%, 17%, 56%, or
85%. All of our extracted phytochemical components displayed
a score of 0.55. The SwissADME service also offers a synthetic
accessibility (SA) factor that aids medicinal chemists in deter-
mining whether the submitted molecule may be readily
synthesized and tested in bio-assays. It ranges from 1 (very
simple) to 10 (extremely difficult). 1024 Building blocks
contributed to the calculation of synthetic accessibility range
relying in a database of building blocks with different size and
complexity.76 Table 5 displays the different SA scores of the
extracted phytochemical compounds ranging from 1.00 to 4.62.
4 Conclusion

GC/MS analysis showed that the essential oil of farmed Lantana
camara is mostly composed of a combination of 22 compo-
nents, the twomain ones being the sesquiterpene caryophyllene
(15.51%) and monoterpene sabinene (14.90%). Molecular
docking against human superoxide dismutase 1 was performed
revealing isospathulenol with promising binding affinity. The
same compounds showed high potential with good PK prole
and ease of synthetic diversication. This establishes a future
position for such compound for development into drug candi-
dates for treatment or control ALS.
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