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ABSTRACT: Pimpinella anisum, commonly known as anise, is generally used in both folk medicine and the culinary
world. In traditional medicine, it is valued for its digestive, respiratory, and antispasmodic properties. This study aims
to examine the volatile compounds and antibacterial effect of P. anisum essential oil (PAEQO) as well as for the first time
its genotoxicity employing both in vitro and computational approaches. Gas chromatography-mass spectrometry (GC-
MS) analysis identified anethole as the principal compound, which comprises 92.47% of PAEO. PAEO was tested for
its potential antibacterial properties against Bacillus subtilis ATCC 6633, Listeria innocua ATCC 33090, Staphylococcus
aureus ATCC 29213, Klebsiella aerogenes ATCC 13048, and a clinical strain of Salmonella enterica serotype Typhi. PAEO
displayed noteworthy antibacterial action toward all tested bacteria, especially Staphylococcus aureus, with an inhibition
zone of 21.43 + 0.87 mm, as determined by the disc-diffusion test. Varied between 0.0625% and 2% v/v, while the
MBC values ranged from 0.125% to 8% v/v, reflecting the strength of the tested EO. The MBC/MIC ratios indicated
the bactericidal nature of PAEO. The results of molecular docking revealed strong binding interactions between
key PAEO molecules and microbial target proteins. ADMET (Absorption, Distribution, Metabolism, Excretion, and
Toxicity) analysis confirmed favorable pharmacokinetic properties, indicating its potential as a safe therapeutic agent.
Additionally, genotoxicity was assessed using the comet assay, which demonstrated minimal genotoxic risk, affirming
the oil’s safety. These results highlight the promising antimicrobial properties of PAEO and its possible use as an active
agent in the pharmacy, food, and cosmetic sectors.

KEYWORDS: ADMET; molecular docking; genotoxicity; antimicrobial; in vitro study; anti-bacterial agents; drug
development

1 Introduction

On Earth, there are around 374,000 known plant species, including 295,383 flowering plants and the
number of plant species continues to grow periodically [1]. The exact number of plants used in medicine is
unknown, but it’s roughly estimated that around 50,000 to 80,000 flowering plants are used for medicinal
purposes worldwide [2]. Plants have been the foundation of advanced traditional medicine systems in every
human society around the world since ancient times [3]. Archaeological investigations evidenced that people
living in Mesopotamia, now Iraq, around 60,000 years ago used a medicinal plant called Hollyhock (Alcea
rosea), which implies that plants were one of the first resources utilized by ancient humans for treating
diseases [4]. Even today, higher plants contribute to at least 25% of all the drugs used in clinical practice
worldwide [5-8]. Considering the popularity of medicinal plants today, 70% to 80% of the world’s population
relies on them for health care needs and treating or managing various diseases [9-11]. These medicinal plants
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are abundant in bioactive phytochemical compounds like flavonoids, alkaloids, tannins, terpenoids, steroids,
saponins, cardiac glycosides, coumarins, and anthraquinones [12].

Spices have been widely used for centuries to add flavor to food, and aid in preservation, and some
are also used in traditional medicine to treat various ailments [13]. Several spices have been scientifically
recognized for their therapeutic properties. For instance, turmeric (Curcuma longa) is well-documented for
its anti-inflammatory and antioxidant effects, mainly ascribed to curcumin [14]. Ginger (Zingiber officinale)
is frequently used to alleviate digestive discomfort and possesses anti-nausea properties [15,16]. Additionally,
cinnamon (Cinnamomum spp.) has been investigated for its potential role in glycemic control and metabolic
health [17].

Pimpinella anisum L., commonly referred to as ‘anise’ or ‘aniseed, is a flowering plant that belongs to the
Apiaceae family, also known as the parsley family. The seeds of this plant are famous for their aromatic odor,
anise-like taste, and are extensively used to enhance the flavor and fragrance of many culinary preparations,
beverages, and confections [18,19]. Anise seeds, commonly used in traditional medicine, have a long history
of relieving headache pain, improving digestion, acting as a diuretic by increasing urine production for
detoxification, and even helping to alleviate nightmares [20]. However, its use should be moderate, and in
some cases, it should be avoided by individuals with allergies to the Apiaceae family. Recent studies have
highlighted that anise seeds also possess antioxidant properties, may be beneficial in managing diabetes, and
show promise in treating epilepsy and seizure disorders [21,22].

The present study aims to report the volatile composition of P. anisum essential oil (PAEO) using Gas
Chromatography-Mass Spectrometry (GC-MS) and evaluate its antimicrobial properties through in vitro
assays, molecular docking, and ADMET profiling. Additionally, the study assesses the genotoxicity of PAEO
using the comet test to ensure its safety for potential therapeutic applications. This comprehensive investiga-
tion not only uncovers the bioactivity of PAEO but also provides critical insights into its safety, positioning
it as a promising natural antimicrobial agent for future pharmaceutical and industrial applications.

2 Materials and Methods
2.1 Plant Material and EO Extraction

Anise seeds were purchased in March 2023 from a local herbalist (Taza region, Morocco). The botanical
name was validated by a botanist from the Department of Biology, University Mohamed V, Morocco, under
ID RAB 114387. The oil isolation was carried out as follows: a total of 100 g of dried seeds was subjected
to hydro-distillation for 3 h using a Clevenger-type device. The extracted oils were then collected and
dehydrated using anhydrous sodium sulfate to remove any remaining moisture. Afterward, the oils were
filtered and stored at 4°C until further testing.

2.2 GC-MS Analysis

The phytochemical profile of anise oil was analyzed using GC-MS as described in previous works [23].

2.3 Microorganisms

Five bacterial strains were used in the current study, representing common pathogenic bacteria of
significant interest in food science and medicine. These strains included three Gram-positive bacteria:
Bacillus subtilis ATCC 6633, Listeria innocua ATCC 33090, and Staphylococcus aureus ATCC 29213, as well
as two Gram-negative bacteria: Klebsiella aerogenes ATCC 13048 and a clinical strain of Salmonella enterica
serotype Typhi. These bacteria are maintained in our laboratories, well-identified, and preserved as pure
cultures in Tryptic Soy Broth (TSB) medium with glycerol at —=70°C, and they are regularly used in our
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scientific research. Before the experiments, the bacteria were revitalized by sub-culturing on Luria-Bertani
(LB) agar. A single colony from each revitalized strain was morphologically checked using Gram staining.
Another single colony from the same pure culture was suspended in sterile normal saline (0.9%), adjusted
to a density of 10° CFU/mL using a spectrophotometer at 625 nm, and used as the working solution for the
antibacterial tests.

2.4 Kirby-Bauer Disk Diffusion Test

The antibacterial efficacy of P. anisum EO (PAEO) was assessed using the Kirby-Bauer disk diffusion test
as previously described [24]. The bacterial strains, which were preconditioned and adjusted to 10° CFU/mL,
were used to swab the surface of standard Petri dishes containing 25 mL of Luria-Bertani agar (LB agar) using
sterile cotton swabs. Blank filter paper discs (6 mm diameter) were autoclaved and, after cooling, saturated
with 10 pL of pure PAEO. The saturated discs were then placed on the inoculated Petri dishes. The positive
control used was Erythromycin discs (15 pg/disc), with one disc loaded onto each plate. After that, the Petri
dishes were incubated at 35°C-37°C for up to 24 h. After incubation, the widths of the zones of inhibition
around each disc were measured in millimeters, and the mean was taken from three repetitions.

2.5 MIC Test

To determine the lowest concentration of the PAEO that may prevent the growth of microorganisms, we
carried out the minimum inhibitory concentration test (MIC) using the micro-broth dilution technique as
cited in Benkhaira et al. [25] with minor modifications. Under aseptic conditions and laminar flow, two-fold
serial dilutions of PAEO (diluted in 10% DMSO) were made in sterile 96-well microplates (volume 250 pL
per well) to achieve a final volume of 100 pL in each well, starting from 8.0% to 0.0625% (v/v) in 10% DMSO.
This concentration of DMSO does not affect bacterial growth [26,27]. For the positive control, serially diluted
erythromycin concentrations were also prepared and loaded into a separate row of wells. A well filled with
100 pL of 10% DMSO served as a negative control. To all wells, 100 uL of double-strength LB broth medium
and 10 pL of the adjusted bacterium were added to each microplate. The incubation process was carried out
at a temperature of 37°C for 24 h. To identify the growth of microorganisms, a solution of 40 uL of 0.2 pg/mL
2,3,5-triphenyl tetrazolium chloride (TTC) was used. TTC is initially colorless but changes to red when it is
reduced by microbes.

2.6 MBC Test

The minimum bactericidal concentration (MBC) was determined following the methodology published
elsewhere [28] with some modifications. The test was performed by taking 20 pL from each well of the MIC
test microplate, transferring it to Petri dishes containing LB agar, and incubating them at 35°C-37°C for 18 h.
The MBC value is identified as the lowest concentration that revealed no bacterial growth on the petri dish.
After the MBC values were obtained, the MBC/MIC ratios were calculated. The experiment was performed
in triplicate.

2.7 Genotoxicity
2.71 Collection of Blood Samples and Cell Treatment

Before blood sample collection from the retroorbital veins of the rats, the animals were subjected to
pentobarbital anesthesia to induce sedation. Subsequently, fresh blood was removed from a male Wistar rat
and diluted with 2 mL of phosphate-buffered saline (PBS) devoid of Ca** and Mg** ions, characterized by a
pH of 7.4 and comprising the following constituents: 137 mM NaCl, 2.7 mM KCl, 10 mM Na,HPOy, and 1.76
mM KH,PO,. The dissolved samples in PBS were then exposed to blood cells at different concentrations.
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Following a 1-h exposure duration at 37°C, 10 uL of blood cells were examined. The negative control received
PBS, whereas hydrogen peroxide at a concentration of 0.25 mmol/L served as the positive control.

2.7.2 Comet Assay

Before conducting the alkaline comet assay, modifications were introduced to the methodology outlined
in the literature [29]. Upon completion of the treatment regimen, the solution underwent centrifugation at
4500 rpm for 10 min, leading to the formation of a pellet comprising leukocytes, which was resuspended
in 1 mL of phosphate-buffered saline (PBS) following removal of the supernatant. After three sequential
washes, the pellet was affixed onto slides coated with 1.5% w/v NMP agarose post-dissolution in 0.5%
w/v low melting point (LMP) agarose in PBS. Incubation of the slides in darkness at 4°C ensued for
one hour after exposure to a lysis solution (comprising 2.5 M NaCl, 100 mM Na,-EDTA, 20 mM Tris
(tris(hydroxymethyl)aminomethane), 300 mM NaOH, 1% N-lauroylsarcosine sodium, 10% DMSO, and 1%
Triton X-100) for five minutes. Horizontal gel electrophoresis was then conducted, utilizing an electrophore-
sis solution (comprising 300 mM NaOH and 1 mM Na,EDTA, with a pH of 13) for 20 min, under constant
conditions (300 mA and 25 V), after rinsing with double-distilled water. Following this, the slides underwent
three consecutive rounds of neutralization in a 400 mM Trizma solution adjusted to a pH of 7.5 using HCI.
To visualize the comets, the ethidium bromide method, as delineated by Singh et al. [30], was employed.
Each slide received a fresh cover slip following the application of 25 pL of ethidium bromide stain. Before
observation, any surplus stain adhering to the backs and edges of the slides was meticulously removed.

2.7.3 Microscopic Observation

A fluorescent microscope, specifically the ZOE Cell Imager, was employed for the examination and
documentation of ethidium bromide-stained slides. The red channel was utilized for observation, with
emission wavelengths set at 615/61 nm and excitation wavelengths at 556/20 nm. Subsequently, an image
analyzer along with Comet Assay IV image analysis software facilitated a quantitative assessment of DNA
lesions. This software enables the measurement of various metrics about DNA lesions [31]. In this analysis,
fifty cells were randomly selected from each of the two replicates for every sample, ensuring robust
statistical representation.

2.8 ADMET Analysis

The ADMET (Absorption, Distribution, Metabolism, Excretion, and Toxicity) profiling of PAEO
components was predicted using the ADMETIab 3.0 web server [32]. The Smiles notation of investigated
components was subjected to the webserver for the appraisal of pharmacokinetic and physiochemical prop-
erties.

2.9 Molecular Docking

To investigate the plausible mechanism of observed antibacterial activity, a molecular docking simula-
tion was performed. In this connection, PAEO components were sketched in MOE v.2019.01 software [33].
Subsequently, the geometry of the compounds was corrected followed by protonation. The energy mini-
mization was done using the MMFF94x force filed. Moreover, the DNA Gyrase B from Proteus mirabilis was
chosen as a target protein and this selection was based on the critical role of the protein in DNA replication
and transcription processes [7]. Since the Protein DataBank holds no evidence of the crystal structure of the
target protein, the predicted structure from the Alphafold database was retrieved for molecular docking. The
structure was subjected to correction and protonation followed by minimization using the Amber10:EHT
force field. Afterward, the blind docking was performed using the Triangular Matcher as a placement method
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with London dG and WSA/GBVIdG as scoring and rescoring functions. Thirty poses were generated for each
compound while five best were retained for analysis. The protein-ligand complexes were visually analyzed
to interpret the binding interactions using Chimera software.

2.10 Statistical Analysis

Data of the current exploration were organized and analyzed statistically by adopted ANOVA-one way
(Tukey test) using SPSS software. Except the analysis of chemical compounds, all other tests were performed
in triplicate. p < 0.05 was considered statistically significant.

3 Results and Discussion
3.1 Chemical Characterization

The chemical composition of anis oil (PAEO), extracted from seeds, was analyzed using GC-MS
apparatus. Table 1 provides a summary of the relative peak areas of each compound, along with molecular
formula, kovats index (KI).

As indicated, 7 chemical constituents were detected accounting for 99.32% of total PAEO, with anethole
as the principal compound, which makes 92.47% of this oil. This bioactive component is the main contributor
to the sweet, licorice-like fragrance of PAEO and is frequently associated with its biological properties. Anet-
hole has been extensively investigated for its therapeutic effects, including anti-inflammatory, antioxidant,
and antimicrobial activities. Other molecules, such as azulene (2.64%), y-himalachene (1.87%), and butylated
hydroxytoluene (0.95%) were detected in significant amounts.

In the literature, it has been shown that there are typically significant differences in the key components
of PAEO. Rodrigues and his colleagues [34] reported anethole (more than 90%), y-himachalene (2%-4%),
cis-pseudoisoeugenyl 2-methylbutyrate (3%) as key constituents in PAEO obtained by supercritical fluid
extraction (SFE). Interestingly, a comparative study carried out on PAEO collected at two different develop-
ment stages of fruits, namely at the waxy (unripe) and ripe stages [35]. The results revealed eight components
in the PAEO from waxy fruits, while eleven components were found in the PAEO from ripe fruits. The
primary constituents of the PAEO at the waxy stage were (E)-anethole (90.3%) and estragole (3.6%). In
contrast, the major chemicals of the PAEO from ripe fruits were (E)-anethole (80.7%) and eugenyl acetate
(3.9%) [35].

Askari [36] found (E)-anethole (90%), eugenyl acetate (2%), and y-gurjunene (1.85%) as predominant
components. Overall, the chemical composition of the PAEO can vary depending on factors, among
geographic origin, environmental conditions, and extraction methods. Among environmental factors, geo-
graphiclocation and soil composition play a crucial role, as calcareous and well-drained soils tend to enhance
thymol levels [37]. Climate and seasonal variation also impact composition, with high temperatures and
intense sunlight favoring monoterpene biosynthesis [38]. Regarding extraction methods, hydrodistillation
(HD) and steam distillation (SD) are commonly used, but HD may lead to hydrolysis or degradation of
thermolabile compounds, whereas SD is preferred for preserving volatile constituents [39]. Microwave-
assisted extraction (MAE) enhances yield while protecting heat-sensitive compounds, and supercritical CO,
extraction allows selective extraction at lower temperatures, preserving bioactive monoterpenes [40].

These variations primarily affect the concentrations of key components such as anethole, estragole, and
azulene, which impact the oil’s aroma, therapeutic properties, and safety. For instance, PAEO with higher
anethole levels are known for their sweeter fragrance and stronger antibacterial potential, while variations
in estragole content may raise concerns about toxicity [19,41]. Understanding these chemical variations
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is critical for confirming the consistency and quality of anise oil in medicinal, cosmetic, and culinary
applications.

Table 1: Volatile compounds of PAEO

Peak # Compounds Molecular Chemical structure KI % Relative
formula peak area
1 Azulene CioHs OO 1069 2.64
2 Estragole CioH;,0 = 1172 0.73
CH3z0O
3

(E)-Anethole C1oH;,0 /_@J 1190 92.47
4 p-Acetonylanisole  C;oH;,0, O AN C H3 1318 0.45
<Omz

NO
. CH,
5 y—HlmalaChene C15H24 H.C CH3 S 1387 1.87
3
CH,
OH
Hs CH2H

6 Butylated Ci5Hp40 1668 0.95
Hydroxytoluene

7 B-Bisabolene CisHyy c 1500 0.21

"4y

CHs
Total (%) 99.32

3.2 Antibacterial Efficacy

The antibacterial activity of PAEO was evaluated against five bacterial strains using the Kirby-Bauer
disk diffusion test, with erythromycin as a positive control as shown in Table 2. For Bacillus subtilis
ATCC 6633, PAEO and erythromycin showed approximately similar inhibition zones (15.02 and 15.32 mm,
respectively), the statistical analysis indicating no significant difference in effectiveness. Listeria innocua
ATCC 33090 exhibited a larger and statistically significant inhibition zone for PAEO (18.02 mm) compared
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to erythromycin (14.03 mm), suggesting the better antibacterial efficacy of the EO. Similarly, for Staphylo-
coccus aureus ATCC 29213, the EO demonstrated a larger inhibition zone (21.43 mm) than erythromycin
(19.40 mm), highlighting its stronger antibacterial properties. Conversely, Klebsiella aerogenes ATCC 13048
was more susceptible to erythromycin (16.20 mm) than to the EO (12.08 mm), indicating the EO’s lower
efficacy against this strain. For Salmonella enterica serotype Typhi, the inhibition zones for P. anisum EO and
erythromycin were comparable (11.05 and 10.15 mm, respectively).

Table 2: Antibacterial activity of PAEO using disk diffusion test

Bacterial strain Mean zone of inhibition (mm + SD)
PAEO (10 uL/disc) Erythromycin (15 pg/disc)
Bacillus subtilis ATCC 6633 15.02 + 0.34° 15.32 + 1.12°
Listeria innocua ATCC 33090 18.02 + 1.05° 14.03 + 0.14°
Staphylococcus aureus ATCC 29213 21.43 + 0.874 19.40 + 0.3¢
Klebsiella aerogenes ATCC 13048 12.08 + 1.13° 16.20 + 1.73°
Salmonella enterica serotype Typhi (clinical isolate) 11.05 + 0.96* 10.15 + 0.23°

Note: Data marked with the same letter within the same test group designate no significant difference, as provided
by Tukey’s multiple range test (ANOVA, p < 0.05).

Overall, these results suggest that PAEO exhibits significant antibacterial activity, comparable or
superior to erythromycin for certain strains, supporting its potential use in traditional medicine and rec-
ommending further studies to benefit from it as a potent antibacterial agent in the food and pharmaceutical
industries. Our observations are consistent with previous works; The EO of Pimpinella anisum (synonym
Pimpinella anisetum) from Turkey has been reported to exert remarkable antimicrobial action against various
bacterial and fungal strains. Using the disc diffusion test, inhibition zones were found to range between
9.00 + 1.33 mm and 18.00 + 1.42 mm [42]. PAEO demonstrated inhibitory zones of 17 mm against Salmonella
typhi and 16 mm against Enterococcus faecalis, effectively comparable to streptomycin [43]. A very high
level of antibacterial activity in PAEO has been published by researchers from Iran, as determined by
a disc-diffusion test. The average diameter of the growth inhibition zones was found to be 39 mm for
Enterococcus faecalis, followed by Lactobacillus casei (40 mm), Actinomyces naeslundii (42 mm), and for
Aggregatibacter actinomycetemcomitans (18.5 mm) [44]. Accordingly, we recommend conducting compre-
hensive research across various geographical regions to understand how environmental factors influence
the active compounds in this plant. Also, aqueous and alcoholic extracts of P anisum have been cited
to exhibit moderate antibacterial activity against both Gram-positive and Gram-negative bacteria using
the disc diffusion test [45], indicating that the bioactive compounds are concentrated in the aromatic
portion. According to Rehman et al. [46], EOs are considered superior biological agents, exhibiting better
antimicrobial and other bioactivities compared to other extracts. This is due to their significant content of
aromatic and secondary metabolites.

The results of the micro-dilution tests (MIC and MBC tests) are represented in Table 3. The findings
revealed that PAEO demonstrated varying levels of antibacterial activity against different bacterial strains and
confirmed the results of the disc-diffusion test. MIC values for PAEO ranged from 0.0625% to 2% v/v, while
MBC values ranged from 0.125% to 8% v/v. The MBC/MIC ratios for PAEO were found to be between 1 and
4, indicating its bactericidal properties. In antibacterial testing, it’s better to perform the MIC test after the
disc diffusion test because disc diffusion data can be imprecise [47]. In comparison, erythromycin exhibited
different degrees but consistent MIC and MBC values for bacterial strains, with an MBC/MIC ratio of 1,
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reflecting its stable bactericidal activity. The rates of resistance to erythromycin are increasing dramatically
worldwide due to bacterial mutations or the acquisition of resistance genes from other bacteria [48]. This
reflects the need for alternatives such as EOs. Moreover, MBC testing is considered a valuable and relatively
inexpensive method for the simultaneous evaluation of multiple antibacterial agents’ potency. Antibacterial
agents are typically regarded as bactericidal if the MBC does not exceed four times the MIC, if more than 4 it
is considered bacteriostatic [49]. In our study, higher MIC and MBC values were observed for erythromycin
compared to PAEO, suggesting that the EO might be more effective at lower concentrations for some bacteria.

Table 3: MIC, MBC and MBC/MIC values of PAEO

Bacteria PAEO (% v/v) Erythromycin (pg/mL)
MIC MBC MBC/MIC MIC MBC MBC/MIC
B. subtilis 0.125 0.5 2 512 512 1
L. innocua 0.25 0.5 2 512 512 1
S. aureus 0.0625 0.125 2 64 64 1
K. aerogenes 0.25 0.25 1 265 256 1
S. enterica serotype Typhi 2 8 4 2048 2048 1

Note: Data are represented as means of three independent replicates (N = 3).

Interestingly, it has been reported that some EOs exhibit stronger antibacterial effects than antibiotics
and are effective against resistant bacterial strains, suggesting a promising future for essential oils in
antibacterial therapy [50]. Notably, PAEO showed strong activity against B. subtilis and L. innocua with low
MIC and MBC values (0.125% and 0.5% v/v, respectively), while S. enterica exhibited the highest values (2%
and 8% v/v, respectively), indicating lower susceptibility. S. enterica, a Gram-negative bacterium, remains
a major global concern in food chains due to its high antibiotic resistance and its ability to cause life-
threatening diseases in humans [51]. Gram-negative bacteria are generally less sensitive to essential oils due
to their unique outer membrane structures, which consist of two distinct lipid membranes—the cytoplasmic
cell membrane and the outer membrane—with a thin layer of peptidoglycan in between [52]. Also, our study
revealed that the MBC/MIC ratio varied, being 1 for K. aerogenes and 4 for S. enterica, suggesting differences
in bactericidal efficiency between strains. These results suggest that PAEO has the potential as an effective
antibacterial agent at low concentrations, but further research on the mode of action is needed to fully
understand its activity spectrum and applications. Furthermore, the findings are consistent with previous
studies. Its effectiveness was reported against all tested microorganisms, including Lister monocytogenes,
Staphylococcus aureus ATCC 29213, Escherichia coli ATCC 35218, Pseudomonas fluorescens DSM 4358, and
Candida albicans ATCC 10231, with MIC and MBC ranging from 1.25% to 2.5% and 2.5% to greater than
5%, respectively, and for most microbes, the mechanism (MBC/MIC) was bactericidal [53]. Bactericidal
activity was also reported by PAEO against Pseudomonas aeruginosa and E. coli, with an MBC/MIC ratio of
2 [54]. It was noted that PAEO exhibited high MIC and MBC values mostly at 100% v/v when tested against
35 pathogenic and spoilage bacteria and yeasts [55], which is not consistent with our results, and various
previous findings. Taking into account the diverse findings of the antibacterial efficacy of PAEO and its wide
uses around the world, this study is of great importance to potential users, namely the food industry, food
supplements, and pharmaceutical formulations. Therefore, further studies on the mechanism and accurate
separation of the antibacterial compounds are necessary.



Phyton-Int ] Exp Bot. 2025;94(3) 817

3.3 Genotoxicity

Genotoxicity refers to a phenomenon wherein substances or agents have the potential to induce damage
to the DNA of cells, leading to genetic and/or chromosomal mutations. This property is considered a crucial
indicator of toxicity concerning human health and the environment. Genotoxic substances can originate
from various sources, including natural compounds, industrial pollutants, pesticides, pharmaceuticals, con-
sumer chemicals, and even ionizing radiation [56,57]. To this end, it is crucial to determine the genotoxicity
of natural compounds before their probable application to therapeutic agents. The comet assay, alternatively
referred to as Single Cell Gel Electrophoresis (SCGE), utilizes agarose microgel electrophoresis [58,59].
Specifically, the alkaline version of the comet assay was devised for the specific detection of single-strand
breaks and alkali-labile sites [30]. The objective of this examination was to provide the genotoxic impact of
PAEO on rat leukocytes. Our results revealed that exposure to PAEO concentrations ranging from 2.5 to 40
pg/mL did not induce DNA damage (Fig. 1). This conclusion is drawn from the lack of significant changes
in both the percentage of DNA in the comet tail and the DNA tail moment when compared to the negative
control group. Therefore, it is reasonable to deduce that PAEO is not genotoxic at tested concentrations.
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Figure 1: Effect of different concentrations of PAEO on (A) DNA tail length, (B) the percentage of tail intensity, and
(C) DNA tail moment of rat leukocytes. Values are expressed as mean + SEM (50 cells x 2). ****p < 0.0001 comparison
with negative control group
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Furthermore, at higher concentrations, essential oils can cause genetic damage through several
mechanisms. These mechanisms include intercalation into DNA, inhibition of essential enzymes such as
topoisomerase II, blockage of key enzymes, which display a pivotal role in hormonal metabolism, and other
hand, modification of the behavior of other significant enzymes.

These interactions can lead to clastogenic effects [60,61], such as chromosomal breaks or rearrange-
ments, which are indicators of severe genetic damage [62-66]. The molecules present in PAEO, such as
sesquiterpenes like azulene and phenylpropanoids like anethole and estragole, have been extensively studied
for their biological effects. Although these compounds are well known for their antioxidant properties,
studies show that they have not demonstrated significant genotoxicity at appropriate concentrations [67-69].
This suggests that, when used in a controlled manner, these essential oils can be safe and effective without
causing genetics.

3.4 ADMET Analysis

Predicting the pharmacokinetic profile of drug candidates is invaluable, especially during pre-clinical
stages, to reduce late-stage failures. Therefore, the ADMET profiling of Pimpinella anisum components
was predicted using the ADMETIab 3.0 webserver. The physiochemical properties were predicted as a
radar having a lower and upper limit for thirteen properties. As shown in Fig. 2, most compounds fell
within the optimal range for each property. However, exceptions were noted for azulene, -bisabolene,
butylated hydroxytoluene, and y-himachalene, where both logD (distribution coefficient) and logP (partition
coefficient) values were outside the optimal range. The absorption of all the compounds was evaluated by
predicting the caco-2 permeability, p-glycoprotein substrate and inhibitor, and human intestinal absorption.
LogP measures the lipophilicity of a compound, representing its partitioning between octanol and water in
the absence of ionization. It is essential for predicting membrane permeability and hydrophobic interactions.
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Figure 2: Radar chart illustrating the thirteen physicochemical properties of the studied compounds. Each property
is represented by a separate axis. The lower limits of the optimal range for each property are indicated by green lines,
while the upper limits are shown in blue. The yellow lines represent the measured values of the compound’s properties
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LogD considers the effect of pH-dependent ionization, making it more relevant for biological systems,
particularly at physiological pH (7.4).

It was observed that all the compounds exhibited excellent to moderate absorption for the properties
mentioned. However, B-bisabolene, butylated hydroxytoluene, estragole, and y-himachalene were not found
to be inhibitors of P-glycoprotein. Similarly, the distribution was evaluated by predicting plasma protein
binding and blood-brain barrier penetration. Azulene, B-bisabolene, and y-himachalene were found to
have poor plasma protein binding and blood-brain barrier penetration, whereas the rest of the compounds
demonstrated good plasma protein binding and effective blood-brain barrier penetration. Similarly, to
evaluate metabolism, the compounds were assessed for their potential as inhibitors of cytochrome P450
(CYP) family members including CYP1A2, CYP2C19, and CYP2C9. It was observed that most of the
compounds were inhibitors of the aforementioned CYPs, with a few exceptions noted for B-bisabolene,
y-himachalene, and p-acetonylanisole. Similarly, excretion was evaluated by predicting plasma clearance,
and all the compounds demonstrated moderate clearance rates. Toxicity was assessed by predicting AMES
toxicity, carcinogenicity, rat oral acute toxicity, hematotoxicity, and hepatotoxicity. AMES toxicity refers
to the mutagenic potential of a compound, which is a critical factor in evaluating its safety and toxicity.
All the compounds were found to be non-toxic except for azulene, which was identified as carcinogenic.
Taken together, the studied compounds exhibited a favorable ADMET profile, suggesting potential for
further optimization.

3.5 Molecular Docking

To explore the binding interactions between PAEO components and the DNA Gyrase B of Proteus
mirabilis, a molecular docking simulation was performed. Since there is no crystallized structure of the
ligand-bound complex available, blind docking was performed. The molecular docking simulation indicated
that all PAEO components bind firmly to the binding site of the DNA Gyrase B enzyme by arbitrating sig-
nificant interactions (Fig. 3). The closure examination of the docked pose of anethole into the binding site of
the target protein demonstrated significant hydrophobic interactions with the docked score of —4.8 kcal/mol
(Fig. 3). The phenyl ring of the compound is stacked between the Ile78 and Val120 while the terminal methyl
group mediates interactions with the Ala47 and Val71. In addition, a hydrogen bond was also observed
between the oxygen of the methoxy group and Lys103 at a distance of 3.1 A. Whereas, in the case of azulene,
only hydrophobic interactions were observed (Fig. 3B). The aromatic rings of azulene stacked between the
Asn46, Ala47, 1le78, 11e94, and Val120 with the docked score of —4.3 kcal/mol. Similarly, the p-bisabolene
resides well into the binding site of the target protein by mediating significant hydrophobic interactions with
the docked score of —5.0 kcal/mol (Fig. 3C). The residues surrounding the compound include Tyr55, Arg76,
Pro79, Ser108, and Argl36. Similarly, in the case of butylated-hydroxytoluene, hydrophobic interactions, and
hydrogen bond contact were observed with the docked score of —5.0 kcal/mol (Fig. 3D). The substituted
methyl group and the butyl group of the component mediate hydrophobic interactions with Tyr55, Arg78,
Pro79, and Serl08 while a hydrogen bond was observed with the Argl36 at a distance of 2.3 A. Similarly, the
estragole also established a network of hydrophobic interactions and a hydrogen bond into the binding site
of the target protein with a docked score of —4.8 kcal/mol (Fig. 3E).

The residues Asn46, Ala47, Glu50, Ile78, and Ile94 of DNA Gyrase B were observed to form hydrophobic
interactions while Val120 of the target protein was observed to mediate a hydrogen bond at a distance of 2.4 A.
In the case of y-himachalene, very few hydrophobic interactions were observed with the lowest docked score
of —4.5 kcal/mol among all the studied compounds (Fig. 3F). The Pro79, Ala90, and Tyr109 were observed
to mediate interactions with the compound. Similarly, insight into the docked pose of p-acetonylanisole into
the binding site of DNA Gyrase B, hydrophobic interactions as well as hydrogen bond contacts were observed
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with the docked score of —5.0 kcal/mol (Fig. 3G). The Pro79 and Tyr109 were observed to form hydrophobic
interactions while Glyl02 and Argl36 were involved in hydrogen bond contacts at a distance of 3.1 and 3.4
A with the oxygen of the compound. The docking results inferred that the studied compounds demonstrate
favorable binding interactions with DNA gyrase B, highlighting their potential as promising candidates for
further optimization as antibacterial agents.
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Figure 3: The intermolecular interactions between the DNA gyrase B of Proteus mirabilis and A) anethole, B) azulene,
C) B-bisabolene, D) butylated-hydroxytoluene, E) estragole, F) y-himachalene and G) p-acetonylanisole present in
Pimpinella anisum. The residues of enzyme surrounded by PAEO molecules are presented in grey sticks while the
molecules are revealed in different color sticks. The red dotted lines represent the hydrogen bond contacts

Gly102

4 Conclusion

Here, the phytochemical profile of PAEO determined with GC-MS, revealed a complex mixture of
bioactive components, with anethole being the predominant component. The antimicrobial activity of the
oil was thoroughly assessed through a combination of in vitro assays, ADMET profiling, and molecular
docking simulation. The in vitro results demonstrated significant antibacterial and antifungal activity,
particularly against resistant pathogens, aligning with the oil’s traditional medicinal uses. Molecular docking
further supported these findings by emphasizing solid interactions between the PAEO key components
and bacterial target proteins (Proteus mirabilis). ADMET analysis confirmed favorable pharmacokinetic
properties for potential therapeutic applications, while genotoxicity assays indicated a safe profile, reinforcing
the PAEO suitability for further development. This investigation opens avenues for further research on the
in vivo effect of PAEO to validate its beneficial potential noticed in vitro and silico. Furthermore, exploring
synergistic effects with conventional antimicrobials could enhance its efficacy. The safety profile of PAEO
and multi-functional bioactivities provide evidence for its application in pharmaceuticals, food preservation,
and cosmetics.
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