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dula angustifolia, and Salvia officinalis were extracted by hydrodistillation, and GC—MS determined the chemi-
cal composition. The antibacterial activities of each EO were studied by the disc diffusion method. The
minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC) of these EOs were
determined by micro-dilution. In addition, the EOs were combined with ineffective antibiotics (Aztreonam
et al.) against clinical bacteria (P. aeruginosa and K. pneumoniae) to determine this association’s effect. The in-
vitro toxicological study was based on the MTT cytotoxicity assay. Finally, in-silico methods were employed to
estimate their possible antibacterial mechanisms. Molecular docking was performed to calculate the predic-
tive binding affinities of five major volatile components to three proteins key in the bacterial cycle using the
AutoDock Vina program; prediction of drug-likeness properties and Toxicity prediction were carried out
respectively by SwissADME and ProToxII online server. The results showed that the three EOs possessed anti-
bacterial activity against ATCC and clinical K. pneumoniae. We note that P. aeruginosa was resistant to laven-
der and sage EOs. Surprisingly, adding EOs to antibiotics ineffective against resistant bacteria showed a
significant synergistic antibacterial effect. Cytotoxicity assay of essential oils showed different values ranging
from 0.22 to 0.43 wL/mL. Finally, the molecular docking study revealed that both compounds (1,8-Cineol, 1-
Dodecene, Linalool, cis-Thujone, and Camphor) from the three EOs have a significant potential to inhibit the
protein target involved in bacteria resistance. Furthermore, the SwissADME prediction results showed that all
five components satisfy the rule of five and exhibit acceptable drug-like characteristics. findings suggest that
the three EOs have interesting antibacterial activity. The in-vitro and in-silico studies gave a great potentiation
and may constitute a promising option to control the emergence of MDR P. aeruginosa and K. pneumoniae.

© 2024 SAAB. Published by Elsevier B.V. All rights reserved.

1. Introduction

resistant infections (Laxminarayan et al., 2013). The World Health
Organization (WHO) has been concerned about the growing resis-

In recent years, antibiotic resistance has become one of the most
worrisome health problems worldwide and is considered a global
public health threat (WHO, 2021). Resistance and multi-drug resis-
tance to antibiotics pose severe challenges for modern medicine.
Novel antimicrobials are needed to continue treating antibiotic-
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tance of bacteria to antibiotics for several years. WHO has published
the first list of the twelve antibiotic-resistant pathogens that pose the
greatest threat to human health. Three categories exist depending on
the urgency of the need for new antibiotics: critical, high, and
medium priority (WHO, 2021). Among the most problematic multi-
drug-resistant (MDR) organisms commonly encountered are Klebsi-
ella pneumoniae and Pseudomonas aeruginosa. Infections caused by
these bacteria are costly in terms of health care and continue to
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multiply over the years. In this context, the development of new anti-
bacterial agents has become more interesting than ever and needs to
be pursued (Jankauskaité et al., 2016).

Traditional pharmacopeia has a rich source of molecules known
for their antibacterial effect. The beneficial properties of the essential
oils (EOs), including antibacterial properties, were discussed (E. et al.
et al,, 2020). EOs are aromatic, volatile liquids extracted from plant
materials such as flowers, seeds, leaves, buds, herbs, bark, wood,
fruits, and roots (Ayub et al., 2018). The Lamiaceae family is one of
the most distinctive and significant flowering plants. Various parts of
these plants are often aromatic, including Rosemary, Lavender, and
Sage (Mseddi et al., 2020). R.officinalis belongs to the Lamiaceae fam-
ily and is a precious medicinal plant; it contains various natural bio-
active compounds with different pharmacological effects, especially
antimicrobial potential (Lesnik et al., 2021). Throughout history, lav-
ender products have been used as therapeutic agents for their anti-
bacterial effects, and the antimicrobial activity of the essential oil of
lavender against bacteria and fungi has long been established (Yang
et al., 2020). Sage species are known for their many pharmacological
activities and recognized antimicrobial effects (Conde-Herndndez
etal, 2021).

Therefore, the aim of this work, in particular, is to investigate the
chemical composition of three essential oils obtained from rosemary,
lavender, and sage. Additionally, evaluate the antibacterial activity of
three EOs and determine the minimum inhibitory and bactericidal
concentrations against susceptible and resistant bacteria. Then, study
the effect of combining EOs with ineffective antibiotics against resis-
tant bacteria. Herein, to reach this objective, molecular docking and
drug-likeness properties of the major volatile compounds were also
employed against target proteins associated with bactericidal/bacte-
riostatic effects such as DNA gyrase, Penicillin-binding-protein and
quorum sensing LasR binding domain to identify better a possible
mechanism of action correlated with the recorded antimicrobial
activity of the potent essential oils.

2. Materials and methods
2.1. Plant material and hydrodistillation

Three aromatic plants growing in different regions of Morocco:
Rosmarinus officinalis (RO) (Sutherland, 2008) was collected in Juin
from Errachidia, Lavandula angustifolia (LA) (Govaerts, 2003) was
obtained in April from Khemissat region, and Salvia officinalis (SO)
(Govaerts, 2003) was collected from Meknes in May 2021. The study
employed the dried leaves of these plants, and essential oils were
extracted by hydrodistillation in a Clevenger apparatus for three
hours. The chemical volatile composition of the essential oils was
analyzed by gas chromatography-mass spectrometry (GC/MS).

2.2. Gas chromatography analysis

GC—MS units were performed using a Shimadzu GC/2010 Plus gas
chromatograph equipped with a flame ionization detector (FID) and
a BP-5 capillary column (30 m x0.25 mm i.d., film thickness 0.25um
SGE Ltd), and interfaced with a Shimadzu Qp2010 Plus mass spec-
trometer (software version 2.50 SU1). The oven temperature was
programmed as described for GC analysis: transfer line temperature,
300 °C; ion source temperature, 200 °C; carrier gas, helium, adjusted
to a linear velocity of 36.5 cm.s ~ . Split ratio 1:40; ionization energy,
70 eV; scan range, 40 400 u; scan time, 1 s. Component identification
was carried out by comparison of their retention indices relative to
C9-C20 n alkanes on the BP-5 column (Adams., 2007), confirmed by
comparison of recorded mass spectra with those of a computer
library (Shimadzu corporation library and NISTO5 database/ Chem-
Station data system) and from a home-made library, constructed
based on the analyses of reference oils, laboratory-synthesized

113

South African Journal of Botany 168 (2024) 112—123

components and commercially available standards and other litera-
ture data (Essaqui et al., 2007).

2.3. Bacterial strains and growth

Microbial strains were used in the antibacterial activity assay,
which included two ATCC strains, Pseudomonas aeruginosa ATCC
27,853 (P. aeruginosa) and Klebsiella pneumonia ATCC13883 (K. pneu-
moniae), which were purchased from American Type Culture Collec-
tion and two clinical strains (P. aeruginosa and K. pneumoniae) were
isolated from urinary tract infections.

Conventional microbiological procedures were adopted for bacte-
rial isolation. The identification of the clinical strains was confirmed
by Gram stain. Then, each sample was streaked simultaneously onto
different types of culture media, including Luria-Bretani, MacConkey
agar, and Cetrimide agar plates, to isolate bacteria from urine sam-
ples.

2.4. Identification of bacteria

Biochemical tests were performed using the API 20E/NE system
(bioMerieux, France) according to the manufacturer’s directions to
complete the diagnosis (Sawant et al, 2007). Bacteria strains are
maintained as glycerol stocks in the Laboratory of Bacteriology, Pas-
teur Institute of Morocco in Casablanca. Glycerol stocks were
streaked on nutritive agar to obtain fresh cultures to be used for all
further studies.

2.5. Antibiotic susceptibility

The phenotypic susceptibility and resistance to antibiotics (ATBs)
of P. aeruginosa and K. pneumoniae bacteria isolated from patients.
We performed an antibiotic susceptibility assay following standards
(CLSI, 2020). To determine the resistance profile of the two isolated
bacteria, we began by inoculating the MH agar surface of each petri
dish with a 0.5 McFarland bacterial suspension by swabbing. After 15
to 20 min drying time, we applied the ATB disks on the agar, Genta-
micin (GEN 10ug), Nétilmicine (NET 30ug), Ticarcilline + acide clavu-
lanique (TCC 10ug), limipenem (IPM 10ug), Tobramycine (TM 10ug),
Amikacine (AN 30ug), Aztreonam (ATM 30ug), Ceftriaxone (CRO
30ug) Meropenem (MEM 10ug), Ciprofloxacin (CIP 5ug) and Ampicil-
lin (AMP 10ug) on plates inoculated with clinical strains of K. pneu-
moniae and P. aeruginosa. The plates were then incubated at 37 °C for
18to 24 h.

2.6. Antibacterial effect screening

2.6.1. Agar disc diffusion

The antibacterial activity of the three EOs was performed by an
adapted agar diffusion technique (as recommended by CLSI, 2020), as
previously described. With slight modifications (Chbel et al., 2022).

Before the sensitivity evaluation of the three EOs, each bacteria
strain was cultured on nutrient broth (Luria Bertani) and incubated at
37 °C for 18 to 24 h. Then, from the fresh culture, a single colony was
suspended in sterile distilled water adjusted to a turbidity of 0.5
McFarland (1 x 10° Colony Forming Units (CFU) / mL) using the Tur-
bidimeter (Oxoid, UK).

After that, inoculation of the MHA agar using a soaked sterile cot-
ton swab of inoculum of the strain to be tested, then applied on the
surface of the agar plate until the plate has been swabbed in three
directions across all the plates. Thus, the discs were applied gently to
the surface of the agar plates. Subsequently, we placed in each petri
dish a commercial antibiotic (IPM 10ug) disc for which the bacterium
is susceptible which serves as a positive control, an empty sterile cel-
lulose disc (6 mm in diameter) soaked in sterile distilled water as a
negative control and small discs about 6 mm diameter size were
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impregnated with 10 uL solution of the EOs then these saturated
paper discs were inoculated at the center of each petri dish having
bacterial lawn. Afterward, all Petri dishes were incubated at 37 °C for
18-24 h. Finally, the antibacterial activity was evaluated by measur-
ing the diameters of the inhibitory regions observed around the EOs
and denoting them as "mm." The experiments were repeated three
times.

2.6.2. Microdilution assay

The broth microdilution assay was used to determine the minimal
inhibition concentration (MIC), according to the Clinical and Labora-
tory Standards Institute (CLSI, 2020). All tests were performed in
Mueller Hinton Broth (MHB, Oxoid, Basingstoke, UK). The bacterial
strains were cultured overnight at 37 °C in MHA. The tested strains
were suspended in MHB to give a final density of 10° cfu/mL.

50 uL of MHB was added to each 96-well micro-titer plate, and
100 uL of MHB was added to the 10th well for sterility control. MHB
with 5 % DMSO was added to the ninth well for the growth control.
Fifty microliters of solution of each Eos was added into the first well.
A serial 2-fold dilution was performed by transferring 50 L of the
suspension to the subsequent wells up to the 10th well; bacterial
inoculum of 0.5 McFarland will be diluted in the ratio of 1:100 and
added into the 1st—10th wells to achieve the final concentration of
5x 10° cfu/mL. The 11th well will be a sterility control, containing
only the MHB. The 12th well was a growth control, containing only
bacterial suspension.

2.6.3. Minimal bactericidal concentration (MBC) determination

To determine the MBC, wells that did not exhibit any growth in
the MIC assay were cultured on freshly prepared MHA, and then they
were incubated at 37 °C for 24 h. After incubation, the least concen-
tration (highest dilution) inhibited colony formation on a solid
medium was considered MBC (Khomarlou et al., 2018).

2.6.4. Effect of combination EO/ineffective antibiotic

For the two resistant bacteria (P. aeruginosa and K. pneumoniae),
we studied the effect of combining each EO with some antibiotics to
which these bacteria are resistant. The choice of these antibiotics for
this test is based on the results obtained from the antibiogram carried
out for the two clinical strains. Adding 10 uL of EO to the standard
antibiotic disc using the disc diffusion method recommended by
Shaaban et al. (2013). Then, inhibition zone diameters were mea-
sured. The experiments were performed in triplicate.

2.7. in-vitro analyses cytotoxicity

The cytotoxicity effect of EOs was determined in L929 fibroblast
cell line of mouse using the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl tetrazolium bromide) (MTT) method as described by Gav-
anji et al. (2014) . Concentrations from the three EOs that reduce cells’
vitality (ICso) were calculated with the following equation using cor-
rected absorbance:

Percentage cytotoxicity = (100 x (control - sample)).

All tests and analyses were run in triplicate, and mean values were
recorded.

2.8. Molecular docking experiment

2.8.1. Protein preparation

In the present study, we have selected various bacterial target
proteins such as penicillin-binding protein (PBP), DNA gyrase, and
LasR domain binding protein. These proteins play an essential role in
the life cycle of bacteria. Based on its role, we have selected these
protein targets. The crystal structure was obtained from the RCSB
PDB database (https://www.rcsb.org/) and downloaded -as a PDB file
with the PDB ID; DNA Gyrase (PDB ID: 1KZN), Penicillin-binding
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Protein (PDB ID: 3UDI) and LasR (PDB ID: 2uvO0). Its crystal structures
for in-silico studies were used using Pymol and AutoDock Tools of the
Vina program (Trott and Olson, 2009). The PDB files were energy
minimized, the non-essential water molecules were removed, and
polar hydrogen atoms to the receptors were merged. As well, the
grid was specified. After that, the structure of the proteins was saved
in PDBQT format for further analysis.

2.8.2. Ligand preparation

Five major chemical compounds determined in RO, LA, and SA
(1,8-Cineol, Camphor, Linalool, 1-Dodecene, and cis-Thyjone) that
can potentially be used as ligands were studied to detect their anti-
bacterial activities against K. pneumoniae and P. aeruginosa. All chem-
ical structures of ligands selected for the docking experiment were
retrieved from the PubChem database (https://pubchem.ncbi.nlm.
nih.gov/), their 3D structure was downloaded in an SDF format
(structure data file), and then converted into PDB (Protein Data Bank)
format using Pymol. AutoDock Tools are used to translate ligands
into PDBQT format. They were prepared for molecular docking stud-
ies.

2.8.3. Molecular docking of major compounds in the three essential oils

Molecular docking of proteins of interest was conducted using
Autodock Vina Version 1.5.7. All the PDBQT structures of ligands
were docked in the binding sites of the receptors using the standard
parameters of Autodock Vina (Trott and Olson, 2009). The docking
scores were calculated as the predicted binding free energies (in kcal/
mol). Biovia Discovery Studio Visualizer 2021 was used to identify H-
bonds and non-bonding interactions between ligand-receptors and
investigate the complex structures interacted with amino acids and
docked poses on a 2D diagram.

2.8.4. In-silico drug-likeness prediction for major compounds in the
three essential oils

Drug likeness activity, toxicity prediction, and ADMET screening
of phytocompounds selected were conducted to see whether any
natural compounds met the drug-likeness requirements. Lipinski’s
rule of five (Lipinski et al., 2001) was used to estimate drug-likeness
characteristics. The rule predicts that there is likely to be poor
absorption or permeation when a component possesses a number of
hydrogen donors (should not be more than 5), the number of hydro-
gen acceptors (should not be more than 10), partition coefficient log
P (should be less than 5) and molecular weight (mass should not be
more than 500 Daltons), through the online tool SwissADME (http://
www.swissadme.ch/). To examine all these, the 3D structure of the
shortlisted hits selected was saved in canonical simplified molecular
input line entry system (smile) format from PubChem database
(https://pubchem.ncbi.nlm.nih.gov/) and uploaded on SwissADME.
Furthermore, we evaluated the BOILED-Egg (Brain or Intestinal Esti-
mated Permeation Method) to predict gastrointestinal absorption
and brain penetration of the five compounds (Daina and Zoete,
2016). The boiled egg plot is a cartesian plan in the shape of an eclipse
with three regions: white, grey, and yolk area. The white region for
phytochemicals with a high probability of being absorbed by the gas-
trointestinal tract, the yolk area for molecules with a high probability
of permeating the brain, and the grey zone for molecules with a low
chance of being non-absorptive and non-penetrative. Blue dots rep-
resent molecules predicted to be P-Glycoprotein (PGP+) substrates
and thus actively pumped from the brain into or into the gastrointes-
tinal lumen. If no P-glycoprotein (PGP-) substrate is predicted, the
corresponding point is red (Daina and Zoete, 2016).

To predict the toxicity class of the five ligands and their LD50
value tested, we used the Pro-Tox-II webserver (https://tox-new.char
ite.de/protox_II/index.php?site=compound_input).
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Fig. 1. Structures of major identified compounds of essential oils of RO, SA, and LA.

2.9. Statistical analysis

Mann-Whitney U test using SPSS 20.0 for Windows (SPSS et al.)
was used to analyze the differences in inhibition zone diameters
between groups. The data are given as means of three
experiments + one standard deviation.

3. Results
3.1. Phytochemical components of the essential oils

The chemical composition of R. officinalis "RO", L. angustifolia "LA",
and S. officinalis "SA" essential oils was conducted by GC—MS tech-
nique. The results are presented in Table1, Table2 and Table3. This
revealed the presence of 16 bioactive compounds representing 96.3 %
of the total EO in RO, 19 in LA comprising 95.79 %, and 30 compounds
representing 91.18 % in LA of the total composition of the EO. The
main component in RO was 1,8-cineol (47.6 %) in RO. Two major vola-
tile constituents identified include 1-Dodecene (32.65 %) followed by
Linalool (29.51 %) in LA and cis-Thujone (24.98 %) followed by Cam-
phor (22.28 %) in SA (Fig 1).

3.2. Antibiotic susceptibility

The antibiotic profile resistance of each strain was evaluated by
the disc-diffusion method using several drugs, and the results are
represented in Table 4. The results showed that P. aeruginosa is resis-
tant to AMP, CIP, and MEM and sensible to GEN, TCC, ATM, TM, NET,
CRO, and IPM, while K. pneumoniae is sensible to AMP, GEN, TCC, TM,
NET, CIP, IPM and resistant to MEM and ATM.

3.3. Antibacterial Activity of the Studied Essential Oils

3.3.1. Disc Diffusion Method

This qualitative analysis revealed that all EOs studied exhibited
considerable antibacterial activity against the four bacterial strains
(both ATCC and resistant), showed important antibacterial effects
(based on inhibition zone diameter = IZD) against K. pneumoniae,
especially, RO EO was extremely influential on K. pneumoniae ATCC
(IZD: 22 mm) but P. aeruginosa which was non-susceptible to EOs of
LA and SO. The results of the inhibition zone diameters (IZD) obtained
are summarized in Table 5.
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3.3.2. Micro-dilution Method

Due to good inhibition of strains, a quantitative assay revealed
two key parameters, namely, minimum inhibitory concentration
(MIC) and minimum bactericide concentration (MBC) of each EO was
determined by the microdilution technique, and these were utilized
to show the efficiency of the used Eos. The results gave various MIC
and MBC values, and the rosemary revealed the highest activities
with MIC values ranging from 32,25 to 64.5 uL/mL and MBC with
125 pL/mlL, followed by Lavender and then Sage. The results are
shown in the Table 6.

3.4. Effect of association EQ/ineffective antibiotics

In order to determine the type of interactions (synergy, additive
effect, no effect, or antagonism) between EOs and ineffective antibiot-
ics to improve their efficacy, a disc diffusion test is used. In total, the
association of each effective EO with ceftriaxone (CRO) and aztreo-
nam (ATM) to which K. pneumoniae was resistant showed higher
ZIDs than those obtained with EO alone with significant differences
(p < 0.05) (Table 7). Concerning resistant P. aeruginosa, only RO EO
was tested in association with three ineffective antibiotics against
this bacterium: ampicillin (AMP), ciprofloxacin (CIP), and merope-
nem (MEM). We found no significant difference between groups by
comparing the results between ZIDs obtained by the RO alone and
the RO/AMP and RO/MEM association (p > 0.05). However, the RO/
CIP association demonstrated a significant difference (p < 0.05)
between ZIDs (RO: 11 mm, RO/CIP: 16.5 mm) (Table 8).

3.5. Cytotoxic effects on the viability of L929 cells

The cytotoxic activity of the three Eos towards L929 cells was
evaluated. The highest cytotoxicity was found with essential oil of
Lavender, at a concentration of 0.22 uL/mL, inhibiting 50 % of cell
growth. While at a concentration of 0.25uL/mL of rosemary, the IC50
value of salvia oficinalis reached 0.43 wL/mL.

3.6. Molecular docking experiment

In this study, five major constituents of EO extracted (1,8-cineol in
RO, 1-Dodecene and Linalool in LA, Thujone-cis and Camphor in SA)
and three proteins “key players in bacterial cell life and drug resis-
tance process” (DNA Gyrase, Penicillin-binding protein, and LasR)
were selected to conduct molecular docking. In docking results, the
binding affinity (Docking Free energy) was presented in (Table 9).

The binding energy of the main volatile constituents with the tar-
get 1KZN was found in the following order: cis-thujone> linalool >1-
dodecene>1,8-cineole>camphor. Furthermore, based on the binding
affinity, phytocompounds tested could be arranged into an order of
putative inhibition efficiencies for 8GPW cis-thujone>camphor>1,8-
cineole>linalool>1-dodecene. And cis-thujone >1,8-cineole > cam-
phor >1-dodecene > linalool for the target 2UVO0.

Further, to get insights into the binding mechanism of the docked
complexes, we performed 2D interaction analysis by Discovery Stu-
dio visualizer software, as shown in (Table 10 and Figs. 2,3 and 4).
Results show that different types of intermolecular interactions
formed the contact between the five major components and the three
protein targets. For example, 1,8-cineole interacting with several res-
idues via significant interactions, including alkyl with 11e90 and Ile78,
and van-der-Waals with GIu50, Pro79, Asn46 and Met91, Camphor
formed conventional hydrogen bonds with Asn46, van-der-waals
with Pro79 and alkyl with 11e90 and Ile78, cis-thujone interacts
Arg192 by alkyl interactions and with Ala 188, Leu205, Arg204,
Leu191, 11e203, his217, Ser195, Aso214, his215 and Tyr218 by van-
der-waals forces. 1-dodecene demonstrated six Alkyl bonds with
1le78, 11e90, Val43, Val167, Ala47, Val120 and six interactions van-
der-waals with Thr165, Pro79, Glu50, Asn46, Asp73, Thr165 and
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Fig. 2. 3D and 2D intermolecular interactions between the protein target LasR (2uv0) and the five major ligands. A, B, C, D, and E represent the 3D interactions between LasR and
1,8-cineole, camphor, cis-thujone, dodecane, and linalool, respectively. A, b, ¢, d, and e represent the 2D interactions between LasR and 1,8-cineole, camphor, cis-thujone, dodecane,

and linalool, respectively.

Met91. Furthermore, one conventional hydrogen bond with Val43,
three residues; Ile78, Ala47 and Val71 were implicated in alkyl inter-
actions and nine residues formed van-der-waals interactions by
Glu50, Asn46, Val44, Asp73, 11e90, Val120, Thr165, Val167 and GIn71.
All these interactions formed between the five volatile components
and the target 1KZN.

3.7. ADMET and drug-likness prediction

In the first step of in-silico prediction, the five ligands retrieved
from PubChem were assessed using SwissADME software for Lipin-
ski's Rule, Ghose rule, Muegge rule with drug-likeliness and physio-
chemical properties (Number of rotatable bonds, Number of
Hydrogen bond donors, and Number of Hydrogen bond acceptors) as
shown in Table 11. These revealed that the five compounds were
accepted, passed Lipinski’s Rule of five, and were soluble. Therefore,
all of the ligands had a TPSA value less than 20 A2, except linalool,
which had a value of 20.23A2,

Furthermore, the toxicity prediction and toxicity predicted class
were evaluated by the ProToxII web application, which revealed that
the range class of the selected compounds varied from 4 to 6
(Table 12).

3.8. Boiled-egg

In Fig 5. Boiled-egg images of the five examined ligands are given
by SwissADME. The boiled egg image shows BBB (blood-brain bar-
rier) permeation, HIA (human gastrointestinal absorption), PGP+, and
PGP- properties. All the compounds 1,8-cineole, linalool, camphor,
and cis-thujone are in the yellow region, except the 1-dodecene is in
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the grey region. As a result, all compounds are presented in red
points.

4. Discussion

Phytochemical analysis of volatile oils from Rosemary, Lavender,
and Sage using GC—MS had shown a richness in secondary metabo-
lites depicted in (Tables 1, 2, and 3) belonging to various chemical
classes, mainly monoterpenes, terpenes, and alkenes. The main com-
ponents were 1,8-cineole (47.6 %) in RO, 1-dodecane (32.65 %), and
linalool (29.51 %) in LA, cis-thyjone (32.98 %) and camphor (22.28 %).
It has also been reported that 1,8-cineol (46.23 %) is the dominant
compound in the EO of RO (from the middle Atlas region) (Hannour
et al, 2018). While in another study from Rabat had linalool (44.67 %)
and linalool acetate (42 %), the main compounds in LA (Slimani et al.,
2022). However, a sample of SO from Taza contained as principal
compounds detected were thujone (33.77 %), caryophyllene
(12.28 %), humulene (12.19 %), camphor (11.52 %) (Al-Mijalli et al.,
2022). These results have shown great genetic diversity in Morocco
(Omurtag Ozgen et al., 2022).

Many studies demonstrated that extracts of aromatic plants
belonging to the family Lamiaceae, such as sage, lavender, and rose-
mary, have biological activity against bacteria (Mosafa et al., 2013).
The antibacterial activity of EOs could be explained by their richness
in monoterpenes compounds and terpenes, characterized by phenyl
rings and hydroxyl groups in their chemical structures, which make
them able to disrupt the outer membrane of Gram-negative bacteria,
releasing lipopolysaccharides and increasing the permeability of the
cytoplasmic membrane, resulting in ATP leakage. In addition, terpene
compounds are also known to have antimicrobial activities (Miladi
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Fig. 3. 3D and 2D intermolecular interactions between the protein target DNA gyrase (1KZN) and the five major ligands. A, B, C, D, and E represent the 3D interactions between
1KZN and 1,8-cineole, camphor, cis-thujone, dodecane, and linalool, respectively. A, b, ¢, d, and e represent the 2D interactions between LasR and 1,8-cineole, camphor, cis-thujone,

dodecane, and linalool, respectively.

et al,, 2017). In this respect, it was essential to investigate the antibac-
terial potential of Rosemary, Lavender, and Sage.

In this work, we found that RO essential oil was the most effective,
which demonstrated an antibacterial effect on all tested strains with
1ZDs ranging from 9 to 22.5 mm (table 4). According to (Lopez et al.,
2005), results showed that rosemary oil has an antibacterial effect on
P. aeruginosa and K. pneumoniae. Another study conducted showed
that RO EO has low inhibitory activity related to its richness in 1,8-
cineole, camphor, and «-pinene, which are known to have weaker
antimicrobial effects than phenolic and alcoholic compounds (Mulya-
ningsih et al., 2010).

LA and SO EOs did not act on P. aeruginosa but showed an antibac-
terial effect on K. pneumoniae strains (Tables 5 and 6). This is similar
to another study conducted by Hossain et al. (2017), who tested sev-
eral strains of P. aeruginosa and were all resistant to LA EO (Hossain
et al,, 2017). Another similar result was found in another study con-
cerning the lack of effectiveness against the P. aeruginosa strain that
is proven resistant, and this is explained by the fact that it is an
opportunistic pathogen that often presents a resistance to antibacte-
rial. This resistance could result from an external membrane that is
mainly impermeable to phenolic compounds and the existence of
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efflux and inhibition mechanisms linked to porins that protect the
bacteria against the action of Eos (Prabuseenivasan et al., 2006). How-
ever, in another study, the mechanism is more complex in P. aerugi-
nosa, which may explain its resistance (Lister et al., 2009).

Several approaches have been developed to combat this grow-
ing challenge, including the search for natural antimicrobial
agents with less toxicity and higher efficacy than those already in
use. The use of EOs as plant-based products has been considered
a very encouraging alternative to reduce the emergence of anti-
microbial resistance due to their broad spectrum of antimicrobial
activities and their exceptional chemical richness (Alaoui Jamali
et al., 2017). For that, we carried out the antibiotic susceptibility
test with the most used antibiotic against P. aeruginosa and K.
pneumoniae. which showed (Table 4) that P. aeruginosa is resis-
tant to AMP, CIP and MEM and sensible to GEN, TCC, ATM, TM,
NET, CRO and IPM. At the same time, K. pneumoniae is sensible to
AMP, GEN, TCC, TM, NET, CIP, and IPM and resistant to MEM and
ATM. Then, we chose ineffective antibiotics in the combination
assay with essential oils. The ability to potentiate the antibiotic
activity by EOs has been investigated, aiming to increase its effec-
tiveness against resistant bacteria.
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Fig. 4. 3D and 2D intermolecular interactions between the protein target PBP (8GPW) and the five major ligands. A, B, C, D, and E represent the 3D interactions between 8GPW and
1,8-cineole, camphor, cis-thujone, dodecane, and linalool, respectively. A, b, ¢, d, and e represent the 2D interactions between LasR and 1,8-cineole, camphor, cis-thujone, dodecane,
and linalool, respectively.
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Table 1
Chemical composition of essential oil of R. officinalis.
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Table 3
Chemical composition of essential oils of S. officinalis.

N° Name % Area RT Chemical formula N° Name % Area RT Chemical formula
1 «o-Pinene 10,3 05.85 C10H16 1 Tricyclene 0,11 05.53 C10H16
2 Camphene 37 06.26 C10H16 2 a-Thujene 023 05.62 C10H16
3 [-Pinene 38 07.04 C10H16 3 a-Pinene 4,68 05.85 C10H16
4 Myrcene 1.2 07.43 C10H16 4 Camphene 4,01 06.26 C10H16
5 Limonene 22 08.69 C10H16 5 Sabinene 0,14 06.91 C10H16
6 1,8-Cineole 47,6 08.76 C10H180 6 [-Pinene 2,05 07.04 C10H16
7 P-Cymene 1,6 08.53 C10H14 7 R-Myrcene 0,46 07.43 C10H16
8 Camphre 104 13.28 C10H160 8 P-Cymene 1,81 08.53 C10H14
9 Linalool 08 11.32 C10H180 9 Limonene 2,04 08.69 C10H16
10 Bornyl Acetate 11 19.49 C12H2002 10 Eucalyptol 10,6 08.76 C10H180
11 Terpinene 4-0Ol 0,9 14.66 C10H180 11 Gamma-Terpinene 0,18 09.78 C10H16
12 R-Caryophyllene 0,9 25.36 C15H24 12 Cis-Sabinene Hydrate 0,07 10.20 C10H180
13 «-Humulene 0,6 26.82 C15H24 13 Terpinolene 0,06 10.98 C10H16
14 a-Terpinéol 35 15.21 C10H18 14 Linaloolcis- 0,19 1132 C10H180
15 Borneol 7,6 14.29 C10H180 15 Thujonetrans- 24,98 11.56 C10H160
Verbenone Tr 15.97 C10H140 16 Thujone-Trans- 7,08 12.00 C10H160
Total 96,3 17 Isothujol trans- 0,13 12.94 C10H160
T traces. 18 Sabinol 0,06 13.10 C10H160
19 Camphor 22,28 13.28 C10H160
20 4-Terpineol 0,38 12.77 C10H180
Table 2 21 «-Terpineol 0,16 15.21 C10H180
Chemical composition of essential oil L. angustifolia. 22 1-Dodecene 0,4 15.25 C12H24
23 Bornyl Acetate 1,08 19.49 C12H2002
N° Name % Area RT Chemical formula 24 Thymol 0,11 19.71 C10H140
1 3-Octanone 047 0719  C5HI1C(0)C2H5 25 1-Tetradecene 062 2410 C14H28
2 R-Myrcene 145 07.43 C10H16 26 Caryophyllene (Z) 3,6 24.95 C15H24
3 Hexyl Acetate 032 08.05 C8H1602 27 o-Caryophyllene 2,65 2536 C15H24
4 Limonene 0.84 08.69 CI0H16 28 1—0Ftadecene 0,5 40.02 C18H36
5 Eucalyptol 11 08.76 C10H180 29 1-Eicosene 0,36 46.92 C20H40
6 cis-g-Ocimene 467 08.96 CI0H16 30 Sclareol 0,16 54.21 C20H3602
7 trans-g-Ocimene 3,74 09.42 CIOH16 Total 91,18
8 Linalool 29,51 11.32 Cy0H180 Tr: traces.
9 allo Ocimene 03 11.32 C10H16
10 Borneol 0,57 14.29 C10H180
1 4-Terpineol 421 14.66 CioH150 pathways, and the use of membranotropic agents to enhance the dif-
12 a-Terpineol 2,33 1521 CioH10 fusion of other antimicrobials (Fadli et al., 2012). Strong synergistic
13 1-Dodecene 32,65 15.25 C12H24 L . .
14 L effects have been reported for the combinations between basil (Oci-
avandulyl Acetate 347 19.70 Ci2H200, - o A ! . i
15 1-Tetradecene 236 24.10 C14H28 mum basilicum) EO and imipenem/ciprofloxacin against the P. aerugi-
16 Caryophyllene (Z) 4,09 24.95 C15H24 nosa reference strain and the clinical isolate (Silva et al., 2016). A
17 a-Santalene 0,42 2531 C15H24 recent study showed that the EO /| antibiotic combination was effec-
18 1-Hexadecene 2,06 3244 C16H32 tive against both resistant strains and biofilm formation of P. aerugi-
19 1-Octadecene 1,23 40.02 C18H36 . L. . e e .
Total 95.79 nosa. The synergistic effect of EO with antibiotics was mainly due to
Tr- traces the presence of rosmarinic, gallic, and benzoic acids, which decrease

Interestingly, we found that the association of the RO EO with CRO
and ATM separately produced a synergistic effect against resistant K.
pneumonia (Table 7). A similar effect was verified when the RO EO
was tested in association with CIP against resistant P. aeruginosa
(Table 8). Several EOs and volatile compounds have been reported to
increase the susceptibility of K. pneumoniae reference strains to con-
ventional antibiotics. One study reported that the RO/CIP combina-
tion against K. pneumoniae displayed the most favorable synergistic
pattern (Van Vuuren et al.,, 2009). One study investigating Thymus
maroccanus and Thymus broussonetii EOs reported synergistic effects
in combination with conventional antibiotics (ciprofloxacin, gentami-
cin, and pristinamycin) against K. pneumoniae. The production of this
synergy is due to specific mechanisms of antimicrobial interaction,
including inhibition of protective enzymes, combination of mem-
brane-active agents, sequential inhibition of common biochemical

bacterial constituents (proteins, nucleic acids, and inorganic ions) by
improving the permeability of the bacterial cytoplasmic membrane.
Another interesting mechanism of gallic acid inhibits the supercoiling
activity of bacterial gyrase by binding to the ATP binding site of gyr-
ase B (W. W. Mohamed et al., 2020). Rosemary EO contains 1, 8-cine-
ole, which damaged the shape and cell size of bacteria; the nucleus
cytoplasm was reduced or agglomerated on the side, which can
explain the antibacterial effect of this EO (Li et al., 2014).

LA EO had a remarkable antimicrobial effect on K. pneumoniae
strains (Table 5,6). In comparison, the association of LA and the two
ineffective antibiotics, ceftriaxone and aztreonam, against K. pneumo-
niae had potentiated its effect (Table 7). Another study conducted by
Yang et al. (2020) detected the presence of a synergistic antibacterial
effect against carbapenemase-producing K. pneumoniae when LA EO
was associated with conventional meropenem; it was the result of
oxidative stress induced by LA EO, which modifies the bacterial

Table 4
Profile of resistance of the studied strains to antibiotics.
AMP GEN TCC ATM ™ NET CIp CRO IPM MEM
K. pneumoniae + + + + + + + -
P. aeruginosa - + + + + + + + _

+: Sensibility, -: Resistance.

119



F. Mourabiti, R. Derdak, A. El Amrani et al.

Table 5
Antibacterial activity of essential oils against bacterial strains by disc diffusion
method.
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Table 6
Minimum inhibitory concentration (MIC; w1 /mL) and minimum bactericidal concen-
tration (MBC; wl /mL) of essential oils against bacterial strains.

Essential oil Bacteria Diameter of inhibition (mm) Rosmarinus Lavandula Salvia officinalis
- . N officinalis angustifolia
Rosmarinus officinalis P. aeruginosa ATCC 93+0.7 MIC MBC MIC MBC MIC MBC
K. pneumonaie ATCC 22.53+1.06
P. aeruginosa Clinical 12.53+0.35 P. aeruginosa ATCC 3225125 -- --
K. pneumonaie Clinical ~ 11.3 +0.7 K. pneumonaie ATCC 64.5 125 125125 125250
Lavandula angustifolia  P. aeruginosa ATCC - P. aeruginosa Clinical 32.25125 -- --
K. pneumonaie ATCC 10.53+0.3 K. pneumonaie Clinical 64.5 125 125125 250250
P. aeruginosa Clinical -
K. pneumonaie Clinical ~ 13.3 +0.7
Salvia officinalis P. aeruginosa ATCC -
K. pneumonaie ATCC 93+0.7
P. aeruginosa Clinical -
K. pneumonaie Clinical 13.3+1.06
Table 7
Effect of association between EOs and antibiotics for resistant K. pneumonia.
EOs and CRO EOs and ATM
RO RO/CRO NeJ SO/CRO LA LA/CRO RO RO/ATM SO SO/ATM LA LA/ATM
ZIDs (mm) 125 17.5 13 17 13 125 155 13 15.5 13 17.5
p value p <0.05 p <0.05 p <0.05 p <0.05 p=0.1 p<0.05

RO: R. officinalis; LA: L. angustifolia; SO: S. officinalis; CRO: ceftriaxone; ATM: aztreonam; IZD : inhibition zones diameter.

membrane permeability of K. pneumonia. The antimicrobial activity of
EOs is a result of the antibacterial properties of major and minor
chemical components, such as linalool and linalyl acetate, which are
believed to be responsible for the antibacterial and antifungal proper-
ties of EOs (Yang et al., 2020).

EO of SO was effective against K. pneumoniae strains, whereas P.
aeruginosa was resistant (Tables 5 and 6). At the same time, the asso-
ciation of SO EO had potentiated its effect against K. pneumoniae
(Table 7). It was reported that the most prevalent synergistic interac-
tion was noted when the EO of S. officinalis was combined with ceftri-
axone and ciprofloxacin. Interestingly, the same combination of this
EO and gentamicin exhibited a synergistic effect on other MRSA
strains. The antimicrobial power is generally correlated with the
chemical composition of the oil. The antimicrobial activity of S. offici-
nalis could be attributed to components like «-thujone, 1,8-cineole,
and camphor (Conde-Hernandez et al., 2021). In this study, cis-thu-
jone and camphor are the significant components of the essential oil
SO.

The increase in EO concentration showed a significant cytotoxic
effect on the adherent cells. The ICsq for L. angustifolia, R. officinalis,
and S. officinalis were 0.22, 0.25 and 0.43 uL/mL respectively. In con-
cordance with our findings, the EO of L. angustifolia described dis-
playing cytotoxic effects on the human tumor cell line (HeLa cells)
and peripheral blood cells with the ICsq of 26 and 21 pg/ml, respec-
tively (Ghadri et al., 2010). Regarding the cytotoxic activity of RO EO,
it was reported that it possessed potent inhibition of cell proliferation
with ICsg = 3.06—7.38 ug/mL) (Gezici et al., 2017). Nevertheless, for
other cell lines (SK-OV-3, HO-8910, Bel-7402), RO EO was found to be

Table 8
Effect of association between R. Officinalis EO and antibiotics for resistant P. aeruginosa.
RO RO/AMP RO/CIP RO/MEM
ZIDs (mm) 11 11 16.5 125
p values p=>0.05 p <0.05 p>0.05

RO: R. officinalis; AMP: ampicillin; CIP: ciprofloxacin; MEM: meropenem; IZD: inhibi-
tion zones diameter.

relatively non-toxic (ICso >250 pg/mL) (Wang et al., 2012). Finally,
SO EO was described as having less cytotoxicity in cancer cell lines
with ICsq values greater than 260 pg/mL (El Hadri et al., 2010).
Molecular docking is a computational modeling tool to predict a
small molecule’s preferred conformation or orientation (ligand)
when bound to a target macromolecule (receptor), such as a protein.
The importance of molecular docking lies in its capacity to provide
valuable insights into the molecular interactions between ligands
and receptors (Chen et al., 2021). Molecular docking was performed
employing AutoDock vina to understand better the molecular basis
of the antibacterial potential provided by the five main volatile com-
pounds of rosemary, lavender, and sage essential oils. Antibiotics tar-
get bacterial metabolism, limiting their growth by inactivating vital
proteins involved in different critical bacterial processes to survive,
such as DNA gyrase (PDB ID; 1KZN), LasR binding domain, and Peni-
cillin-binding protein. DNA gyrase controls the topology of DNA dur-
ing transcription and replication; since it is essential for bacterial
survival, it is an important target for antimicrobial agents (Aliye et al.,
2021). Penicillin-binding-protein “PBP” (PDB ID; 8GPW), which plays
a key role in peptide cross-linking during peptidoglycan cell wall bio-
synthesis and its inhibition leading to bacterial cell lysis and death
(Varela et al.,, 2021). The emergence of the quorum-sensing autoin-
ducer LasR-binding domain (PDB ID; 2uv0) as a critical regulator of P.

Table 9

Binding free energy values were calculated through molecular docking for the
major volatile components of R. officinalis, L. angustifolia, and S. officinalis and the
bacterial targets as receptors.

Ligand Binding Free Energy(kcal/mol)

1KZN* 8GPW 2UV0
1,8-Cineole —44 -4.38 -6.9
Camphor -4.3 -4.9 -6.7
cis-Thujone -5.6 -53 -7.0
1-Dodecene -4.5 -4.3 -6.5
Linalool -54 -4.7 -6.2

*Protein PDB ID; 1KZN: DNA Gyrase, 8GPW: Penicillin-binding protein and 2uv0:
LasR.
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Table 10
List the interacting amino acid residues involved in the ligand—protein interaction of the major compounds against three different targets.
1KZN 8GPW 2UV0
Interacting Amino Type of Interacting Amino Type of Interacting Amino Type of

Acid

Intermolecular Bond

Acid

Intermolecular Bond

Acid

Intermolecular Bond

1,8-Cineole 11e90 Glu50 Pro79 Pi-Alkyl V-d-W** V- Tyr419 Lys499
Ile78 Asn46 d-W Pi-Alkyl V-d- Thr497 Tyr541
Met91 W V-d-W Val344
Camphor 11e90 Pro79 Ile78 Pi-Alkyl V-d-W Pi- Ala251 Asn255
Asn46 Alkyl Hydrogen Phe254 Pro548
Bond Asn250 Val549

Glu247

Alkyl Pi-Alkyl V-d-
W V-d-W V-d-W

V-d-W V-d-W V-d-
W V-d-W V-d-W
V-d-W V-d-W

Leu36 Ile52 Tyr64
Gly38 Ala127
Leu40 Tyr47
Ala50 Val76 Ala70

Ala59

V-d-W V-d-W V-d-
W V-d-W V-d-W
Pi-Alkyl Pi- Alkyl

Alkyl

Cis-Thujone Ala188 Leu205 V-d-W V-d-W V-d- Tyr541 Ser359 V-d-W V-d-W V-d- Ala127 Gly38 Asp73 V-d-W V-d-W V-d-
Arg204 Leu191 W V-d-W V-d-W Val344 Ser307 W V-d-W V-d-W Tyr56 Ser129 W V-d-W V-d-W
11e203 His217 V-d-W V-d-W V- Thr497 Lys494 V-d-W V-d-W V- Leu36 Tyr64 Ile52 V-d-W V-d-W V-
Ser195 Asp214 d-W V-d-W V-d- Gly496 Thr495 d-W Hydrogen Tyr47 Ala70 Val76 d-W V-d-W Alkyl
His215 Tyr218 W Pi-Alkyl Gly543 Gly542 Bond Hydrogen Arg61 Hydrogen Bond
Arg192 Bond
1-Dodecene Thr165 Met91 V-d-W V-d-W V-d- Glu247 Asn250 V-d-W V-d-W V-d- Tyr93 Arg61 Val76 V-d-W V-d-W V-d-
Asp73 Asn46 W V-d-W V-d-W Asn255 Val545 W V-d-W V-d-W Ser129 Asp73 W V-d-W V-d-W
Glu50 Pro79 V-d-W Alkyl Ala544 Ala251 Alkyl Pi-Alkyl Pi- Tyr64 Ala70 lle52 Alkyl Pi-Alkyl Pi-
Val120 Val47 Val549 Ala552 Alkyl Tyr47 Leu36 Alkyl Pi-Sigma
Val43 Ala47 11e90 Phe254 Pro548 Tyr56 Leu110
1le78 Ala105 Trp60
Phe101 Trp88
Linalool Val71 Ala47 11e78 Alkyl V-d-W V-d-W Lys499 Ser307 V-d-W V-d-W V-d- Thr80 Ala127 Leu36 V-d-W V-d-W V-d-
Thr165 Asp73 V-d-W V-d-W V- Asn361 Val344 W V-d-W V-d-W Gly38 Ala70 W V-d-W V-d-W
Asn46 Glu50 d-W V-d-W V-d- Thr497 Phe417 V-d-W V-d-W Pi- Tyr64 Ile52 V-d-W V-d-W V-
Pro79 Val167 W V-d-W V-d-W Gly306 Tyr541 Alkyl Pi-Sigma Gly126 Ala50 d-W Alky!l Pi-
Val120 [le90 Hydrogen Bond Ala498 Tyr419 Leu40 Val76 Alkyl Pi-Alkyl
Val44 Val43 Tyr47 Leul125
Cys79
*Protein PDB ID; 1KZN: DNA Gyrase, 8GPW: Penicillin-binding protein and 2uv0: LasR. **; V-d-W: Van der waals Forces.
Table 11
Physiochemical proprieties and drug-likeness prediction of phytoconstituents by drug-likeness rules evaluation using SwissADME.
Ligand MW (g/mol)  logP  H-bond acceptors ~ H-bond donors  Lipinski Rule ~ Ghose filter =~ Muegge rule  TPSA (A%)  Solubility
1,8—Cineole  154.25 274 1 0 Yes No Yes 9.23 Soluble
Camphor 152.23 24 1 0 Yes No No 17.07 Soluble
Cis-Thujone 152.23 2.26 1 0 Yes no No 17.07 Soluble
1-Dodecene 168.32 4.7 0 0 Yes yes No 0.00 Moderately
Linalool 154.25 2.67 1 1 Yes no no 20.23 Soluble

aeruginosa pathogenesis makes its inhibition an interesting drug tar-
get (Rajalakshmanan et al., 2021).

The results of docking (Table 9) the five phytocompounds showed
that Cis-Thujone had the low binding free energy score, which
revealed that Cis-Thujone had the best affinity to each protein; 1kzn,
8GPW, and to 2UVO followed by linalool (—5.4 kcal/mol) against
1KZN, camphor (—4.9) against 8GPW and 1,8-cineole (—6.9) against
2UV0. Furthermore, we elucidate molecular interactions (Figs. 2, 3,
and 4, table 10) between ligand-receptor by Discovery Studio. Which
revealed that all the five components formed different types of inter-
actions with residues of proteins. For example, cis-thujone bound to
1KZN by binding its residues; Ala188, Leu205, Arg204, Leu191 Ile203,
His217, Ser195, Asp214, His215 and Tyr218 by van-der-walls and
stabilized by Pi-alkyl interactions with Arg192. Moreover, forming
two conventional hydrogen bonds with Gly543 and Gly542, and van-
der-walls forces are established to bind the 8GPW Tyr541, Ser359,
Val344, Ser307, Thr497, Lys494, Gly496, and Thr495, and it formed
nine van-der-walls interactions with Ala127, Gly38, Asp73, Tyr56,
Ser129, Leu36, Tyr64, lle52 and Tyr47 however two Alkyl interactions
were involved in stabilizing the complex cis-thujone with 2UVO0 and
one hydrogen bound with Arg61.

To propose some potential lead therapeutic components having
acceptable drug-like properties, known as the five rules of Lipinski,
drug candidate ligands are required to follow these rules, or the num-
ber of violations must be less than 4. Firstly, we used the online
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server SwissADME, which revealed that all the Five top compounds
of essential oils from rosemary, lavender, and sage satisfy the rule of
5. Other rules are evaluated (Ghose and Muegge); just the 1,8-cineole
satisfies the rule of Ghose, and camphor satisfies the Muegge rule. It
is worth noting that the Topological polar surface area (TPSA) is a
physiochemical descriptor of polarity, which should be between 20
and 130(A2) and is often used to predict cellular absorption (Daina
et al.,, 2017). Results (in Table 11) show that just the linalool has a
good value of TPSA (20.23A2). Concerning the boiled egg (Fig, 5), on
the plot, except for 1-dodecane (located in the grey area), 1,8-cineole,
cis-thujone, camphor, and linalool were in the yolk, which means
that the compounds had a higher chance to permeate to the brain
and the 1-dodecane had a lower gastrointestinal absorption (HIA)
and limited BBB penetration. Furthermore, no molecules were pre-
dicted as substrates of permeability glycoprotein (P-gp) (PGP-), then

Table 12
Toxicity prediction using ProToxII software.

Ligand LD50 mg/kg Toxicity Class
1,8-Cineole 2480 5
Camphor 775 4
Cis-Thujone 500 4
1-Dodecene 5050 6
Linalool 2200 5
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not actively effluxed by P-gp from the central nervous system or the
gastrointestinal lumen.

Concerning toxicity prediction results (LD50 and toxicity class), it
showed that none of the five compounds demonstrated acute toxicity
(considering class 1 as a toxic class and class 6 as a non-toxic class)
with LD50 values ranging from 50o0mg/kg of cis-thujone to 5050 mg/
kg of 1-dodecane (Table12).

5. Conclusion

The present study reflects that rosemary, sage, and lavender
essential oils had a significant antibacterial effect against P. aerugi-
nosa and K. pneumoniae and showed a synergistic effect when com-
bining EOs with ineffective antibiotics. This activity may be
attributed to the richness of bioactive compounds. Employing molec-
ular docking, elucidating physiochemical properties, and the ADMET-
drug-likeness, we have shown that the major components of the
three Essential oils 1,8-Cineole, Camphor, cis-Thyjone, 1-Dodecene,
and Linalool have the potential to target and bind essential proteins
for bacterial survival and have more specifcity toward the quorum
sensing LasR binding domain. They could be compounds with a
potent antimicrobial activit and may serve as a lead molecule. Further
work is recommended to validate these findings and to develop new
agents with therapeutic activity.
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