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A B S T R A C T   

This study presents the composition analysis of essential oils extracted from celery seeds (Apium graveolens L.) 
collected from Morocco. Essential oil of A. graveolens (AG-EO), were obtained through microwave-assisted hydro- 
distillation, and its composition was characterized using gas chromatography/mass spectrometry (GC/MS). 
antimicrobial properties were assessed utilizing disc diffusion and microdilution assay methods, while antioxi-
dant activities were evaluated through spectrophotometric techniques. Additionally, in vivo anti-inflammatory 
effects were investigated. The molecular docking technique, a computational approach utilized to predict the 
binding of small molecules to specific proteins, was employed to elucidate the antioxidative and antibacterial 
characteristics of the constituent molecules. The physicochemical and pharmacokinetic features of absorption, 
distribution, metabolism, excretion, and toxicity (ADME-Tox) tests were anticipated to provide insights into the 
drug likeness, pharmacokinetic characteristics, and expected safety profiles upon ingestion and the potential 
pharmacological activity of the identified compounds. Fifteen constituent compounds representing 99.99% of 
AG-EO were identified and quantified by the use of GC/MS. The main constituent, comprising 64.58% of AG-EO 
was limonene. AG-EO demonstrated a significant DPPH free radical scavenging activity, showing estimated 
scavenging rates of 8.49±0.00 µg/mL, and 5.09±0.04 µg/mL for ABTS+. AG-EO exhibited reducing Power (RP) 
and total antioxidant activity (TAC) of 3.42±0.01 µg/mL and 245.93±0.04 mg AAE/mL, respectively. AG-EO 
exhibited significant antimicrobial activity against all tested microorganisms. Additionally, the anti- 
inflammatory activity demonstrated the remarkable efficacy of AG-EO. Taken together, the essential oil 
derived from celery seeds holds promise for large-scale utilization as an environmentally friendly preservative 
within the food and agriculture industries, effectively countering fungal growth and aflatoxin contamination in 
stored commodities. Additionally, it exhibits potential as a suitable candidate for the development of pharma-
ceutical drugs.   
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1. Introduction 

Conventional therapies and the use of plants in empirical medicine 
have often been the sources of high-level scientific research (Nouioura 
et al., 2023a,b). This research often leads to discoveries of novel sub-
stances useful as therapeutics. The majority of these compounds are 
secondary metabolites that are typically produced by plants as a pro-
tective mechanism against physical or biological invaders, such as in-
sects, microbes, and herbivores. (Ayman et al., 2008). 

Essential oils (EOs), sometimes referred to as “volatile oils,” are 
complex mixtures of volatile or semi-volatile constituent chemicals 
produced by aromatic plants as secondary metabolites and are respon-
sible for the characteristics of aromatic plants such as their powerful 
aromas (Ben Abada et al., 2020). EOs are generally fluid, volatile, and 
soluble in lipids and organic solvents. They can be present in all portions 
of plants, including roots, seeds, buds, flowers, leaves, stems, fruits, 
wood, or bark. EOs exhibit diverse compositions of bioactive compo-
nents, primarily consisting of terpenoids, monoterpenes, and sesquiter-
penes (Tohidi et al., 2017). Biological effects of EOs are caused by 
interactions of these bioactive substances with biomolecules (Tosun 
et al., 2023). For instance, mono-terpenoids specifically interfere with 
physiological and biochemical procedures associated with growth and 
expansion of microorganisms, affecting and modulating their prolifer-
ation and development (Bat-Özmatara, 2020). Extraction methods, 
including steam distillation, solvent extraction, and supercritical fluid 
extraction have been applied to extract EOs (Majda et al., 2020). 
Microwave-assisted extraction (MHD) is a technique used for extracting 
valuable compounds from plant materials, which can be tailored to suit 
extractions on a small or large scale. MHD exhibits outstanding perfor-
mance in terms of both the quantity and quality of the oils extracted, as 
well as time and cost efficiency. Additionally, it effectively minimizes 
energy consumption and reduces the emission of carbon dioxide into the 
atmosphere. As a result, MHD has gained significant popularity and is 
extensively utilized in both laboratory and industrial settings (Moradi, 
Fazlali, et Hamedi 2018). Other key features include rapid energy 
transfer, efficient heating, and an environmentally eco-friendly isolation 
system (Zhang, Yang, et Wang 2011). 

Celery and its essential oil (AG-EO) are renowned for their thera-
peutic, medicinal, and industrial properties (Modaresi, Ghalamkari, et 
Jalalizand 2012). Due to its antimicrobial properties against mold, 
yeast, and bacteria, as well as its antioxidant properties, AG-EO might be 
an alternative natural preservative and nutraceutical ingredients (Liu 
et al., 2021). 

The purpose of this study was to enhance the EO yield by utilizing 
microwave-assisted distillation of celery seeds. The biochemical com-
ponents of Moroccan EO of celery (A. graveolens) were analyzed using 
GC–MS/MS and selected in vitro and PASS prediction with in silico assays 
were employed to evaluate antioxidant activities such as DPPH, ABTS, 
RP, and TAC, as well as the anti-inflammatory, and the antimicrobial 
activity against multi-resistant pathogenic microorganisms. The results 
of this study are presented here to showcase the improvements achieved. 

2. Materials and methods 

2.1. Plant material 

Seeds of Apium graveolens L. were gathered from the town of Sefrou in 
June 2022. A voucher specimen has been meticulously cataloged and 
deposited at the Laboratory of Natural Substances, Pharmacology, 
Environment, Modeling, Health, and Quality of Life (SNAMOPEQ), sit-
uated within the Faculty of Sciences at Dhar El-Mehraz, Sidi Mohamed 
Ben Abdellah University, herbarium under the designated number 
RAB38370. Following collection, the seeds were meticulously processed 
by pulverization utilizing a professional herb grinder (Omni mixer 
17106, Du Pont Company, USA). The resultant powder was carefully 
packed into glass bottles, and all samples were safeguarded at ambient 

temperature until the moment of essential oil extraction. 

2.2. Microwave-assisted hydrodistillation of the volatile oil 

The quantitative composition, physicochemical properties, and bio-
logical activity of the essential oil extracted from the raw material, 
isolated under optimal parameters, were subjected to comprehensive 
analysis. The MHD process was conducted with the use of a microwave 
oven as the power source, specifically the MWD 119 WH, Whirlpool, 
China, which had a 20 L capacity and operated at 2.45 GHz frequency. 
The microwave oven was directly connected to a Clevenger apparatus, 
and it featured a cooling system for continuous condensation of the 
distillate. The microwave oven operated at 1,100 Watts while producing 
700 Watts, with a power source of 230 V at 50 Hz and cavity dimensions 
of 216 x 302 x 277 mm. 

For the extraction process, 100 g of ground celery seeds were com-
bined with 1 L of water in a 2-liter flask and heated inside the microwave 
oven cavity at 600 W for 30 min. The vapor mixture of water and 
essential oil was continuously condensed in an external cooling system 
connected to the microwave cavity, and the recovered distillate was 
collected in a Clevenger receiver. To maintain constant humidity con-
ditions during the extraction process, excess condensed water was 
refluxed back into the extraction flask (Majda et al., 2020). 

Following the extraction process, the EOs were collected, dehydrated 
by adding anhydrous sodium sulfate, weighed, and stored in a vial at 4 
◦C in the dark. 

2.3. Chemical characterization of essential oil by GC/MS 

The chemical constituents of the EO were identified and quantified 
using gas chromatography, specifically the TRACE GC-ULTRA (Serial 
Number: 20062969) by Thermo-Fisher Scientific in Waltham, MA, USA, 
coupled with mass spectrometry, utilizing the Quadrapole (Serial 
Number: 210729) also by Thermo-Fisher Scientific. The analysis 
employed a capillary column (HP-5MS) with a length of 50 m, an in-
ternal diameter of 0.32 mm, and a film thickness of 1.25 µm. 

The temperature was programmed to increase from 40 ◦C to 280 ◦C 
at a rate of 5 ◦C per minute. The injector and detector (Polaris Q) tem-
peratures were set at 250 ◦C and 200 ◦C, respectively. Ionization was 
achieved using the electron-impact mode (EI) at 70 eV. Helium was used 
as the carrier gas, with a flow rate of 1 mL/min and a split ratio of 1:40. 
For the analysis, 1 Âµl of EO was injected. 

To identify and quantify the components, retention times were 
compared with those stored in the NIST-MS Search Version 2.0 library, 
and the percentages of each constituent were calculated. Components 
were subsequently identified through this process. 

2.4. Antioxidant activity of AG-EO 

2.4.1. DPPH scavenging capacity 
Free radical scavenging activity against the 1,1-diphenyl-2-picryl- 

hydrazyl (DPPH) radical was evaluated using previously described 
methods (Nouioura et al., 2023a,b). A volume of 50 μL of EO, dissolved 
in ethanol was used at different concentrations and mixed with 825 µL of 
DPPH. The reaction mixture was allowed to stand in the dark for 60 min, 
then absorbance was measured at 517 nm. BHT (Butylated hydrox-
ytoluene) was used as a standard. All determinations were performed in 
triplicate. Using the following equation, the IC50 values were deter-
mined from the graph by the % inhibition (Equation 1). 

Inhibition (%) =
Abs control − Abs sample

Abs control
× 100 (1)  

2.4.2. ABTS radical scavenging activity 
Free radical scavenging activity of AG-EO was determined by use of 

an ABTS free radical cation decolorization assay (Re et al., 1999). In 
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summary, 50 μL of various dilutions of each ethanolic extract, as well as 
BHT utilized as a positive control, were combined with 825 μL of the 
ABTS radical cation solution. These solutions were incubated in the dark 
for 6 min at room temperature. Subsequently, the absorbance mea-
surements were recorded at 734 nm using a UV/Vis spectrophotometer. 

A blank sample containing an equivalent amount of ethanol and 
ABTS solution was used as a negative control for reference. The per-
centage inhibition of absorbance was calculated using Equation 1, and 
the IC50 (half-maximal inhibitory concentration) values were graphi-
cally determined and expressed in micrograms per milliliter (µg/mL). All 
analyses were conducted in triplicate. 

2.4.3. Reducing power (RP) 
The determination of reducing power was conducted following 

established procedures (Oyaizu, 1986). Specifically, a volume of 50 μL 
of AG-EO was combined with 200 μL of 0.2 M sodium phosphate buffer 
(pH 7.6) and 200 μL of 1 % potassium ferricyanide. The mixture was 
then incubated at 50 ◦C for 20 min to facilitate the conversion of ferri-
cyanide to ferrocyanide. Subsequently, 200 μL of 10 % trichloroacetic 
acid was added to terminate the reaction. The mixture was centrifuged 
at a force of 500 g for 10 min. Finally, the supernatant was mixed with 
600 μL of distilled water and 120 μL of 0.1 % ferric chloride. A linear 
relationship was established by plotting absorbance at 700 nm against 
sample concentration. The results were defined as the concentration of 
the extract at which the absorbance reached 0.5 (EC50) and were 
expressed in µg/mL. Each experiment was conducted in triplicate. An 
increase in absorbance in the reaction mixture signifies an enhancement 
in reducing power. Ascorbic acid was used as a positive control at 
various concentrations. 

2.4.4. Total antioxidant activity (TAC) 
The total antioxidant capacities (TAC) of all extracts were assessed 

using the phosphomolybdenum method as outlined by Nouioura et al., 
2023a,b. In this procedure, fifty microliters of AG-EO or a standard 
reference substance (Ascorbic acid) were mixed with 1 mL of a reagent 
solution composed of 0.6 M sulfuric acid, 28 mM sodium phosphate, and 
4 mM ammonium molybdate. The absorbance of the sample was 
measured at 695 nm after 90 min of incubation in a water bath at 95 ◦C, 
utilizing a PerkinElmer Lambda 40 UV/Vis spectrophotometer, and this 
measurement was compared to a blank. The results were expressed as 
milligrams of ascorbic acid equivalent (mg AAE) per gram of EO (mg 
AAE/g EO) and were reported as the mean of three triplicate measure-
ments ± standard deviation (SD). Quercetin and BHT were employed as 
standards in this analysis. 

2.5. Antimicrobial activity of AG-EO 

2.5.1. Microbial strains tested 
The antimicrobial testing of AG-EO was conducted on various mi-

croorganisms, including Gram-positive bacteria (Bacillus subtilis DSM 
6333 and Staphylococcus aureus ATCC 6633), Gram-negative bacteria 
(Proteus mirabilis ATCC 29.906), and a fungal strain (Candida albicans 
ATCC 10.231). These microorganisms were selected based on their 
common occurrence as contaminants in food products and their patho-
genic nature. The bacterial strains were obtained and identified at the 
bacteriology laboratory of Hassan II Hospital in Fez, Morocco. For the 
yeast strain, it was inoculated on Sabouraud dextrose agar, while the 
bacterial strains were streaked on Mueller-Hinton agar. Bacterial cul-
tures were incubated for 18–24 h at 37 ◦C, and the yeast culture was 
incubated at 30 ◦C for the same duration. To prepare the test suspen-
sions, well-isolated colonies were selected and emulsified in 10 mL of 
physiological water buffered with 0.9 % phosphate and sterilized. Di-
lutions were performed to standardize the bacterial suspension to a 0.5 
McFarland turbidity standard. 

2.5.2. Disc method for AG-EO 
The antimicrobial efficacy of AG-EO was assessed using the disk 

diffusion method as described by El Barnossi et al. in 2020, for both 
bacteria and fungi. In this approach, 6 mm-diameter sterilized Whatman 
paper discs were impregnated with AG-EO at a volume of 10 μL per disc 
and then placed on the surface of Mueller Hinton Agar (MHA)-coated 
agar medium, which had previously been inoculated with a microbial 
suspension of the tested microorganism at a volume of 100 μL per 5 mL 
of MHA. To compare the effectiveness of AG-EO against bacteria and 
fungi, negative and positive controls were used. The positive controls 
included Oxacillin and Cefuroxime (10 μg/disc) for bacteria, and Flu-
conazole (10 μg/disc) for fungi. After an incubation period of 15–30 min 
at room temperature, the dishes were placed under specific conditions 
for yeast (30◦C for 48h) and bacteria (37◦C for 18–24h). Measurements 
of inhibition zone diameters in millimeters were used to determine in-
hibition percentages. Each test was conducted in triplicate, and the re-
sults were expressed as means ± standard deviation (SD) of triplicate 
measurements. 

2.5.3. Determination of minimum inhibitory concentration (MIC) 
The MIC of the AG-EO against the microorganisms was determined 

by use of the serial agar dilution method (Balouiri, Sadiki, et Ibnsouda 
2016). Briefly microplates were made under aseptic conditions; each 
sterile 96-well microplate was labeled, and then a volume of 50 μL of 
AG-EO in 2% DMSO was pipetted into the first column of the plate; in all 
other wells, 50 μL of sterile Mueller-Hinton for bacterial strains and 40 
μL of sterile EM for fungal strains were added; serial dilutions were made 
using after a 24-hour incubation period for bacteria and 48h for 
C. albicans at 37◦C and 30◦C, respectively. The MIC endpoint is deter-
mined using the colorimetric method (TTC 0.2 % (w/v)) (Balouiri et al., 
2016). 

2.6. In vivo anti-inflammatory activity 

2.6.1. Animal handling and housing 
Rats, both male and female, weighing 150–250 g, were obtained 

from the Sidi Mohamed Ben Abdellah University, Fez, animal facilities. 
Throughout their acclimatization period, the rats had unrestricted ac-
cess to food and tap water, and their environment was meticulously 
controlled to maintain a temperature of 25 ± 1 ◦C and a photoperiod of 
12 h (12 L/12 D). 

The ethics committee of Sidi Mohamed Ben Abdallah University 
Mohammed, Fez, approved the experimental protocols, which followed 
the guidelines provided in the Declaration of Helsinki. The study was 
approved by the Laboratory of Natural Substances, Pharmacology, 
Environment, Modeling, Health, and Quality of Life at the Faculty of 
Science Dhar Mahraz in Fez, Morocco, with reference number USMBA- 
SNAMOPEQ 2023-03. 

2.6.2. Carrageenan-induced rat paw inflammation 
To investigate the anti-inflammatory activity of AG-EO we followed 

the protocol described in the study conducted by Winter et al., with slit 
modification (Mssillou et al., 2022). Wistar rats were divided into 5 
groups (5 rats in each group). The first group (negative control) received 
only physiological water (0.9 % NaCl). Groups 2, and 3 treated with 1.5 
mL/Kg, and 5 mL/Kg, respectivement of AG-EO vegetable oil. Group 3 
used as a standard, received indomethacin® (LAPROPHAN, Casablanca, 
Morocco) orally (10 mg/kg). The circumference of the right paw of all 
rats was measured before the injection of carrageenan (1%); then the 
measurement was performed after 3, 4, 5, and 6 h of the injection. The 
percentage inhibition of inflammation was calculated according to the 
equation below: 

PI% =
(Ct − C0)control − (Ct − C0)treated

(Ct − C0)control
× 100  
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C0: The mean paw circumference before injection. 
Ct: The mean paw circumference after carrageenan injection at a 

given time. 

2.7. In-silico screening 

After identifying the chemical constituents, in-silico simulation 
techniques such as ADME-Tox, in-silico predictions, and molecular 
docking simulations were employed to investigate the effects of all 
fourteen active molecules in AG-EO. During the initial stage, the phar-
macokinetic properties of absorption, distribution, metabolism, excre-
tion, and toxicity (ADMET) were predicted based on the five rules of 
Lipinski. Thereafter, the boiled egg of Egan and bioavailability radars 
were equally carried out to discover the desired physicochemical and 
pharmacokinetic profiles of the examined essential oil with the use of 
Pkcsm and Swissadme servers (Daina et al., 2017). In the second stage, 
molecular docking which has been applied previously for discovery and 
improvement of drugs (El fadili et al., 2022a), was applied to understand 
mechanisms of inhibition, antioxidant, antibacterial, and antifungal 
activities towards three targeted proteins encoded in protein data bank 
(PDB). Molecular docking was conducted by use of 2CDU.pdb, 2XCT. 
pdb, and 5TZ1.pdb, respectively (Bank, 2023). Initially, three- 
dimensional structures of proteins were converted from PDB format to 
PDBQT format, and then prepared by the addition of Gasteiger charges 
after the deletion of all water molecules (H2O) and suspended co- 
crystallized ligands. Thereafter, the major compounds of essential oil 
were docked to the active sites of each prepared protein using Autodock- 
1.5.6 software (Morris et al., 2009). Finally, the intermolecular in-
teractions of produced (protein–ligand) complexes were visualized 
using Discovery Studi-2021 software (BIOVIA Discovery Studio - BIO-
VIA - Dassault Systèmes®, 2023). 

2.8. Statistical analysis 

All experiments were executed by three independent tests (n = 3), 
and the obtained data were established as mean ± standard deviations 

(SD). Using GraphPad Prism 8.0 statistics software, the data analyses 
were performed. One-way analysis of variance (ANOVA) was used to 
compare the means, and a Tukey test was then performed. A statistically 
significant result was defined as a p < 0.05. 

3. Results and discussion 

3.1. Efficiency of microwave-assisted hydrodistillation (MHD) 

Microwave assisted extraction is a valuable, green, novel technique 
applied in essential oil hydro-distillation (Selli et al., 2009). Due to its 
numerous benefits, including rapid and efficient transfer of energy and 
adequate heating, microwave-assisted hydro-distillation has been used 
in laboratories and industries (Zhang et al., 2011). Compared to other 
traditional extraction techniques, MHD exhibits excellent performance 
in increasing the quantity and quality of isolated oils, cutting down on 
costs and energy use, accelerating the extraction process, and reducing 
the amount of carbon dioxide released into the atmosphere (Jažo et al., 
2022). The mechanism of action of microwave distillation is based on a 
defined power; the extraction yield increases with the extraction time. 
The dissolution of essential oil in water is facilitated by the interfacial 
area between the plant matrices and solvent, while the improvement in 
extraction efficiency with longer durations is attributed to the micro-
wave adsorption energy. Microwave power serves as an engine to 
destroy the structure of cell membranes of plants, causing diffusion and 
dissolution of the oil in the solvent. The distillation temperature is 
elevated as a result of the amplified dielectric heating phenomena 
caused by higher microwave power. This increase in power also has a 
direct impact on the temperature. Consequently, a higher power level 
typically leads to an augmented yield and a faster extraction time 
(Mohamadi et al., 2013). The effectiveness of extraction through MHD is 
influenced by various factors, including extraction time, water/plant 
ratio, microwave power supply, and drying time, either individually or 
in combination (Moradi et al., 2018). Under the optimum conditions of 
an extraction duration of 20 min, microwave power of 600 W, a water- 
to-plant material ratio of 2 mL/g, and a drying period of seven days, the 
yield of AG-EO was found to be 4.17±0.041 % per 100 g of seeds. The 
volatile oil content of celery seed is approximately 2% (Zorga et al., 
2020). The approach holds ecological significance as it reduces the need 
for the distillation stage, minimizes electricity usage, and saves time. 

3.2. Phytochemical profile of AG-EO 

Fourteen compounds, accounted for 99.99% of the total mass of AG- 
EO (Table 1, Fig. 1). AG-EO consisted primarily of limonene, which 
made up 64.58% of the total mass of AG-EO. Other compounds, present 
in smaller proportions included sedanenolide (15.38%), hexenyl salic-
ylate (7.27%), naphthalene (6.30%), α-himachalene (1.88%), and 
β-pinene (1.53%). The chemical composition consisted mainly of 
monoterpene hydrocarbons, which accounted for 72.41% of the total. 
These results are consistent with those reported previously (Zorga et al., 
2020) where the primary chemical constituents were limonene (76.9%), 
β-selinene (9.7%), sedanenolide (3.4%), 3-butylphtalide (3.6%), and 
α-selinene (1.4%). Similarly, Senegal A. graveolens collected from 
Senegal was abundant in limonene and β-selinene. 

The chemical compositions of EOs exhibit variation and are influ-
enced by numerous environmental factors. In the case of A. graveolens 
oils, these variations are contingent upon the following factors: plant 
part utilized, stage of the vegetative cycle, age of plants, the time of 
harvest, and genetic attributes (Barra, 2009). Essential oils are rich in 
phytoconstituents, including monoterpene hydrocarbons, oxygenated 
monoterpenoids, and sesquiterpene hydrocarbons sourced from various 
medicinal plants. These compounds are recognized for their substantial 
biological and pharmacological potential. Their documented capacities 
span the domains of antioxidation (Saini et al., 2021), antimicrobial 
activity (Bat-Özmatara, 2020), antiviral properties (Das et al., 2019), 

Table 1 
Phytochemical constituents contained in the essential oil extracted from 
Moroccan Apium graveolens (AG-Eo).  

No RT 
(min) 

Molecular 
Formula 

Compounds RI Peak 
Area 
%     

Cal Lit  

1 1.72 C10HI6 β-pinene 970 979 1.53 
2 2.97 C10HI6 limonene 1014 1029 64.58 
3 6.10 C10HI6O limonene oxide 1130 1137 0.15 
4 6.44 C10H16O cis-Verbenol 1137 1141 0.53 
5 6.69 C11H18 pentylcyclohexa- 

1,3-diene 
1158 1161 0.08 

6 17.49 C10H8 naphthalene 1177 1181 6.30 
7 18.86 C15H24 β-humulene 1431 1439 0.19 
8 17.91 CI5H24 α-himachalene 1445 1451 1.88 
9 20.05 CI5H24 β-caryophyllene 1460 1466 0.26 
10 20.96 C15H24 β-selinene 1481 1490 0.31 
11 21.29 C15H26O α-eudesmol 1645 1653 0.47 
12 21.59 C13HI6O3 hexenyl salicylat 1659 1669 7.27 
13 22.12 C8H7NO 2-methyl- 

benzoxazole 
1700 1706 1.06 

14 22.62 C12HI6O2 sedanenolide 1713 1720 15.38     

Chemical classes    
Oxygenated monoterpenes 0.68    
Monoterpene hydrocarbons 72.41    
Oxygenated sesquiterpenes 0.47    
Sesquiterpene hydrocarbons 2.64    
Others 23.79    
Total (%) 99.99 

P: peak; RT: retention time; RI: retention index; Cal: calculate; Lit: literature; 
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insecticidal efficacy (Kokotkiewicz and Luczkiewicz, 2016), and cyto-
toxic effects (Modaresi et al., 2012). 

3.3. In vitro antioxidant activity of AG-EO 

Antioxidant activity is a complicated process that usually occurs 
through several mechanisms (de Menezes et al., 2021). Due to its 
complexity, the antioxidant activity of pure compounds or extracts 
should be evaluated by more than a single test method. In this work, 
three classical antioxidant tests, namely DPPH, ABTS, and RP, were 
carried out together with total antioxidant capacity (TAC); tests and 
results were summarized (Fig. 2). The DPPH test revealed that AG-EO 
had significant antioxidant activity of 81 % of inhibition compared 
with 95 % for BHT standards (Fig. 2 a-b). This resulted in an IC50 value of 
8.49 ± 0.00 µg/mL against 24.13 ± 0.00 µg for positive control (BHT) 
(Fig. 2c). This is consistent with the rsults of another study that found 
the antioxidant activity of AG-EO mixed with linalyl acetate and geranyl 
had significant scavenging of free radicals with DPPH assay (IC50 =

20.17 μL/mL) (Das et al., 2019). The antioxidant activity in the seeds of 
A.graveolens from Saudi Arabia exhibited a wide range of results, varying 
from 1.58 % ± 0.21 % to 32.45 % ± 0.2 % across different 

concentrations, which spanned from 0.25 to 5 mg/mL (Foudah et al., 
2022). A previous study found that concentations of EO between 2.5 and 
100 g/L quenched the stable free radical DPPH in a range between 34 
and 52 % (Zorga et al., 2020). The IC50 value for AG-EO in the ABTS%+

assay was moderate (5.09 ± 0.04 µg/mL) compared to synthetic stan-
dard antioxidant BHT (Fig. 2d). The AG-EO exhibited significantly 
greater antioxidant activity than those reported previously of IC50 =

9.56 μL/mL (Das et al., 2019). Alternatively, when the RP assay was 
used to evaluate the ability of the EO to transform ferric iron Fe3+ to 
ferrous iron Fe2+ (Thaipong et al., 2006), the antioxidant activity was 
found to be EC50 = 3.42 ± 0.01 μg/mL compared to ascorbic acid as 
standard (10.24 ± 0.05 µg/mL). Results of another study revealed that 
the range of absorption in ferric chloride increased from 0.043 ± 0.01 to 
0.279 ± 0.02 as the concentration increased from 0.25 mg/mL to 5 mg/ 
mL (Foudah et al., 2022). When the ammonium phosphomolybdate 
assay was carried out to determine the total antioxidant capacity of AG- 
EO. A total antioxidant capacity value of 245.93 ± 0.04 mg AAE/mL of 
Eo was observed compared with 257.26 ± 0.03 mg EAA/g for quercetin 
and 269.2 ± 0.12 mg EAA/g BHT as standards (Fig. 2e). In another study 
that assessed the essential antioxidant compounds in celery leaves, it 
was found that the total antioxidant capacity ranged from 41 % to 57 % 

Fig. 1. GC-MS chromatogram of essential oil extracted from Apium graveolens seeds (AG-EO).  
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in various celery leaf compounds at different levels of hydrolysis (Yildiz 
et al., 2008). By comparison, with the literature, the antioxidant activ-
ities of celery seed essential oil were described as weak or moderate. 
Numerous studies (Kokotkiewicz and Luczkiewicz, 2016; Glumac et al., 
2023) have examined the antioxidant activity of EOs, most of which 
were carried out in vitro and in vivo. Antioxidants can have many effects, 
including scavenging free radicals, breaking down peroxides, and 
chelating metal ions (Saini et al., 2021). The compounds found in EOs, 
such as phenolic acids, terpenes, and sesquiterpenes, might be respon-
sible for these activities. The precise mechanisms by which these com-
pounds exert their antioxidant effects have not yet been fully explained. 
These compounds are known for their effects to scavenge free radicals 
and inhibit lipid oxidation (Tena et al., 2020). These substances operate 
as chain-breaking peroxyl-radical scavengers and display in vitro and in 

Fig. 2. Antioxidant activity of AG-EO using the DPPH and ABTS assays, Reducing power and total antioxidant capacity. The difference between bars with the same 
letters is not significant (p < 0.05). 

Table 2 
Disc diffusion test for essential oil from A. graveolens, performed on four path-
ogenic strains and using antibiotics for comparison. Inhibition zone diameter in 
mm. Results are expressed as mean ± SD.  

Microbial 
strains 

Inhibition zone diameter (mm) 

Staphylococcus 
aureus 

Proteus 
mirabilis 

Bacillus 
subtilis 

Candida 
albicans 

AG-EO 35.00 ± 1.00 17.00 ±
1.50 

19.00 ±
1.00 

27.00 ±
0.41 

Oxacilline 18.00 ± 0.00 0.00 ± 0.00 0.00 ±
0.00 

– 

Cefuroxime 0.00 ± 0.00 0.00 ± 0.00 0.00 ±
0.00 

– 

Fluconazole – – – 13.00 ±
1.00 

DMSO 6 ± 0.00 6 ± 0.00 6 ± 0.00 6 ± 0.00  

Table 3 
Minimum inhibitory concentrations (MIC) (mg/mL) of the EO extracted from 
A. graveolens.  

Microbialstrains Microdilution Method (MIC in mg/mL) 

Staphylococcus 
aureus 

Proteus 
mirabilis 

Bacillus 
subtilis 

Candida 
albicans 

AG-EO 11.25 ± 1.00 0.71 ±
0.33 

5.26 ±
2.65 

3.75 ± 0.00 

Oxacilline 0.312 ± 0.00 0.00 ±
0.00 

0.00 ±
0.00 

– 

Fluconazole – – – 7.50 ± 0.00  

Table 4 
Effect of AG-EO on carrageenan-induced paw oedema.  

Diameter in cm 
Treatment 0 h 3 h 4 h 5 h 6 h 
NaCl 0.9 % 2.6 ± 0.1 3.5 ± 0.0a 3.5 ± 0.1a 3.4 ± 0.0a 3.45 ±

0.05a 

Indomethacin 2.35 ±
0.15 

3.4 ±
0.00a 

3.45 ±
0.05a 

3.05 ±
0.05b 

2.75 ±
0.05b 

1.5 mL/kg 2.4 ± 0.2 3.45 ±
0.06a 

3.4 ± 0.2a 3.15 ±
0.05b 

2.9 ± 0.0b 

5 mL/kg 2.42 ±
0.1 

3.42 ±
0.0a 

3.1 ±
0.0ab 

2.9 ± 0.0b 2.7 ± 0.0b 

Values of treated groups are expressed as diameter (cm) mean ± SD of 3 ex-
periments. Values in the same column followed by the same letter are not 
significantly different by Tukey’s multiple range test (p < 0.05). 
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vivo antioxidant action, which inhibits lipid peroxidation. Phenols also 
directly scavenge reactive oxygen species (Gülçin, 2012). Active sub-
stances in EOs of celery seeds are effective in adsorbing and neutralizing 
free radicals, quenching singlet, and triplet oxygen, or degrading per-
oxides, are the primary cause of their antioxidant activity (Amensour 
et al., 2009). 

3.4. Antimicrobial activity of AG-EO 

3.4.1. Determination of inhibition zone and minimum inhibitory 
concentration MIC 

The antimicrobial activities of AG-EO were evaluated against a panel 
of four microorganisms using both qualitative and quantitative methods 
in the disk diffusion test. The presence or absence of inhibition zones, 
zone diameters, and MIC values were considered. AG-EO exhibited 
remarkable antimicrobial activities against all the microorganisms 
tested, indicating its effectiveness in inhibiting their growth (Tables 2 
and 3). Proteus mirabilis exhibited significant potency as indicated by the 
MIC values discovered during the oil microwell dilution test. The 

maximum inhibition zones and MIC values for microbial strains sensi-
tive to AG-EO were between 17 and 35 mm and 0.71 and 11.25 mg/ml, 
respectively. Overall, AG-EO displayed a more potent and extensive 
spectrum of antimicrobial activity. Gram-negative bacteria have an 
extra protective outer membrane that makes them much more resistant 
to antibacterial agents than their Gram-positive counterparts (Mayouf 
et al., 2019). In the disk diffusion test, AG-EO was most potent against 
the Gram-positive bacteria, S. aureus and B. subtilis. However, it also had 
a sizable inhibitory effect on yeast and Gram-negative bacteria, partic-
ularly the resilient bacterium, Proteus mirabilis. This finding is concur-
rent with results of other studies that AG-EO grown in Saudi Arabia 
exhibited superior antibacterial activity. The strongest antimicrobial 
activity was detected against Gram-positive bacteria and Candida albi-
cans (Foudah et al., 2022). 

β-pinene, limonene, and β-selinene were determined to be respon-
sible for the biological activity of celery seeds oil. It has already been 
mentioned that EOs with greater limonene content, such as the essential 
oil of Citrus aurantium dulcis, Citrus limonum from Tahiti, or Carum carvi 
inhibited growth of S. aureus with MIC values of 16.5, 14.9 mg/mL, and 
1.0 µL/mL, respectively (Everard et al., 1994). The yeast C. albicans was 
sensitive, and its growth was inhibited at a 3.75 mg/mL concentration. 
Limonene has destructive effects on the surface of yeast cells, thereby 
leading to apoptosis and strongly inhibiting the growth of C. albicans 
(Thakre et al., 2017). In addition, when tested against 12 different yeast 
strains, limonene (10 L) demonstrated more antifungal activity than the 
antibiotic Fungizone (50 μL) (Ünal et al., 2012). AG-EO has a potent 
antimicrobial effect against E. coli, and exhibits excellent activity against 
P. aeruginosa, B. subtilis, and S. aureus with MICs of 50 L/mL, 2 L/mL, 20 
L/mL, and 30 L/mL, respectively (Dąbrowska et al., 2020) (Baananou 
et al., 2013; Din et al., 2015). 

AG-EO exhibited substantial inhibition against aflatoxin- 
contaminated rice seeds, the most toxic strain of Aspergillus flavus 
(AFLHPR14), and fourteen other food-borne molds responsible for the 
deterioration of stored food commodities. The heightened effectiveness 
of the formulated treatment can be attributed to the synergistic inter-
action between the essential oil and its primary components (Valdivieso- 
Ugarte et al., 2019). It was determined that the primary target of the 
formulation’s antifungal activity was the fungal plasma membrane. This 
conclusion was supported by observations of reduced membrane 
ergosterol content, increased intracellular propidium iodide (PI) 

Table 5 
Prediction of the physicochemical properties of fourteen molecules identified in 
the extract from AG-EO.  

Compounds 
number 

Physico-chemical properties Lipinski’s 
five rules 

MW MR index Log 
P 

HBA HBD (No/Yes) 

Rule ≤500(g/ 
mol) 

130 ≥ MR 
index ≥ 40 

<5 ≤10 <5 

C 1 136.23 45.22 2.59 0 0 Yes 
C 2 136.23 47.12 2.72 0 0 Yes 
C 3 152.23 46.60 2.63 1 0 Yes 
C 4 152.23 46.38 2.31 1 1 Yes 
C 5 150.26 51.93 3.01 0 0 Yes 
C 6 128.17 43.95 1.99 0 0 Yes 
C 7 204.35 70.42 3.30 0 0 Yes 
C 8 204.35 68.78 3.23 0 0 Yes 
C 9 204.35 68.78 3.25 0 0 Yes 
C10 204.35 68.78 3.31 0 0 Yes 
C 11 224.38 70.89 3.14 1 1 Yes 
C 12 220.26 63.31 3.08 3 1 Yes 
C 13 133.15 38.97 2.02 2 0 Yes 
C 14 192.25 55.91 2.69 2 0 Yes  

Table 6 
Prediction of the pharmacokinetic properties of fourteen molecules extracted from the essential oil of Apium graveolens (AG-EO).  

Compounds 
Number 

A D M E T 

human 
intestinal 
Absorption 

Blood-brain 
barrier 
permeability 

Central 
nervous 
system 
permeability 

Substrate Inhibitor Total 
Clearance 

AMES 
test of 
toxicity 

Hepatotoxicity Skin 
Sensitization 

Cytochromes 

2D- 
6 

3A- 
4 

1A- 
2 

2C- 
19 

2C- 
9 

2D- 
6 

3A- 
4 

(% 
Absorbed) 

(Log BB) (Log PS) (No/Yes) Numeric 
(Log ml/ 
min/kg) 

(No/Yes) 

C 1 95.984 0.829 − 1.867 No No No No No No No 0.03 No No No 
C 2 95.898 0.725 − 2.37 No No No No No No No 0.213 No No Yes 
C 3 96.715 0.359 − 2.736 No No No No No No No 1.159 No No Yes 
C 4 94.798 0.739 − 2.392 No No No No No No No 0.049 No No Yes 
C 5 94.052 0.783 − 2.215 No No No No No No No 1.516 No No No 
C 6 94.878 0.437 − 1.244 No No Yes No No No No 0.198 No No Yes 
C 7 94.682 0.663 − 2.555 No No No No No No No 1.291 No No Yes 
C 8 95.429 0.722 − 2.325 No No No No No No No 1.1 No No Yes 
C 9 95.712 0.735 − 2.169 No No No No Yes No No 1.088 No No Yes 
C 10 96.439 0.821 − 1.428 No No No No No No No 1.174 No No Yes 
C11 93.501 0.64 − 1.562 No Yes No No No No No 1.041 No No Yes 
C12 90.973 0.297 − 1.955 No No Yes Yes No No No 0.745 No No No 
C 13 95.552 0.006 − 1.974 No No Yes No No No No 0.844 No No Yes 
C 14 96.202 0.589 − 2.526 No No Yes No No No Yes 1.422 No No Yes 

A: Absorption; D: Distribution; M: Metabolism; E: Excretion; T: Toxicity. 
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Fig. 3. Egan Boild-Egg model of the fourteen chemical compounds extracted from Apium graveolens essential oil.  

Fig. 4. Bioavailability radars of the fourteen chemical compounds extracted from AG-EO.  
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fluorescence, enhanced leakage of cellular ions (sodium, potassium, and 
calcium), and the absorption of materials within the 260–280 nm range 
(Dwivedy et al., 2016). 

Various strains of bacteria exhibit differential sensitivities to EOs (El- 
Beltagi et al., 2020). It has been suggested that the primary mechanisms 
of action is irreparable damage to the bacterial cell wall and membrane 
(Thiam et al., 2020) which then disrupts enzymes, compromising the 
genetic material of bacteria, and evolving fatty acid hydroperoxides 
induced by oxygenation of unsaturated fatty acids (Rana et al., 2022). 
EOs can damage lipids and proteins and cause the cytoplasm to clot. 
They would function in the same way as additional phenolics. The 
ranges of cell coagulation, active transport, electron flow, and proton 
motive force alteration. Instead, lipid molecules connect enzymes like 
ATPases that are present in the cytoplasmic membrane (Kokotkiewicz 
and Luczkiewicz, 2016). Hydrophobicity of EOs and their constituents 
allows them to partition in the lipids of bacterial cell membranes and 
mitochondria, warping their structure and making them more suscep-
tible to antimicrobial action, which results in leakage of cell contents 
(Nagella et al., 2012). Additionally, the chemical makeup of the indi-
vidual essential oil components influences their specific manner of 
measurement and antibacterial activity (Ayman et al., 2008). Similarly, 
several studies have revealed how EOs can inhibit biofilm formation by 

inhibiting communication between bacterial cells (Sheikh et al., 2023). 
There is no discernible difference in biological activity when comparing 
celery seed essential oils obtained through conventional hydro- 
distillation to those obtained through microwave-assisted distillation 
(Majda et al., 2020). 

3.5. Carrageenan-induced rat paw test 

The anti-inflammatory effect of AG-EO was assessed using the 
carrageenan-induced rat paw test. The circumference/diameter of the 
rat’s paw (n = 5) and the percentage of the paw volume (cm) at 3, 4, 5, 
and 6 h post-carrageenan (1 %) injection are presented in the Table 4. 
The data indicate an increase in paw volume over time, with maximum 
swelling observed at 3 h post-injection for all extracts. At 4 h post- 
injection, the vehicle (NaCl (0.9 %)) exhibited the highest circumfer-
ence (3.5 ± 0.1 cm). Conversely, the groups treated with AG-EO (1.5 
mL/kg) (3.4 ± 0.2 cm), AG-EO (5 mL/kg) (3.1 ± 0.0 cm), and Indo-
methacin® (3.45 ± 0.05 cm) displayed reduced circumference, indica-
tive of an anti-inflammatory effect. Notably, the AG-EO (5 mL/kg) group 
exhibited the highest inhibition of edema at peak inflammation. After 6 
h, both AG-EO extracts showed significant reductions in paw size 
compared to the control group at p < 0.05. 

Fig. 4. (continued). 
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The carrageenan-induced paw edema protocol is a well-established 
model for investigating the anti-inflammatory effects of natural prod-
ucts in vivo. Carrageenan injection induces early hyperemia, triggering 
the release of mediators such as bradykinin, histamine, and serotonin, 
followed by a second phase characterized by prostaglandin release and 
leukocyte migration (Agour et al., 2022). 

AG-EO demonstrated anti-inflammatory effects, with confirmed 
inhibitory effects on lipid mediators such as phospholipase A2 and 
cyclooxygenase. Additionally, its catalytic effects on cyclooxygenase 
and prostaglandin biosynthesis were validated. Phenolic acids and fla-
vonoids play pivotal roles in the anti-inflammatory processes of both 
plants, with the hydroxyl group of flavonoids reported to influence oral 
anti-inflammatory activity (Mssillou et al., 2022). 

3.6. ADME and prediction of toxic potency of AG-EO 

Based on Lipinski’s five rules, which require chemical compounds to 
meet the following conditions in order to have pharmaceutical proper-
ties similar to approved drugs: molecular weight (MW) does not exceed 

500 g/mol, the index of molar refractivity (MR index) included in [40, 
130] rang, lipophilicity in octanol/water solvent defined by a LogP less 
than five, Acceptors and donors of Hydrogen bonds (HBA and HBD) 
must be inferior than ten and five, successively (Lipinski, 2004). In this 
respect, we note that all the compounds satisfy the critical thresholds for 
physicochemical properties as stipulated by Lipinski (Table 5). 

In addition, the prediction of pharmacokinetic features of ADMET (El 
fadili et al., 2022b; Jia et al., 2020) show that the compounds under 
investigation were well absorbed, as the results for human intestinal 
absorption exceeded 90 %. Also, the blood–brain barrier and central 
nervous system permeabilities were included in [0, 1] Log BB and [-1, 
− 2] Log PS, respectively. The metabolism analysis indicated that the 
compound labeled C11 was predicted as a substrate of 3A4 cytochrome, 
while the compounds labeled C6, C12, C13, and C14 were predicted as 
potent inhibitors of 1A2 cytochrome. Then, C9, C12, and C14 were 
predicted to be inhibitors of 2C9, 2C19, and 3A4 cytochromes, respec-
tively. Fortunately, results of the AMES mutagenicity test confirmed that 
all molecules in AG-EO were predicted to not be mutagenic and do not 
cause hepatotoxicity. However, the majority of the constituents were 

Fig. 5. Intermolecular interactions in two and three dimensions, resulted between limonene (C2) and sedanenolide (C14) towards NADPH oxidase protein from 
Lactobacillus sanfranciscensis (2CDU.pdb). 
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predicted to cause skin allergies, except for molecules labeled as C1, C5, 
and C12, which have been shown to be free of undesirable effects 
(Table 6). 

Results of the predictive model of the Egan Boiled-Egg (Fig. 3), 
confirms that all extracted molecules from AG-EO are part of Boiled-egg 
yolk, so they are predicted to passively permeate through the blood–-
brain barrier, except for four chemical compounds, C7, C8, C9, and C10 
which weren’t part of egg yol. Also, the compounds were located as red 
dots, so they were predicted not to be effluated from the central nervous 
system by the P-glycoprotein (Daina and Zoete 2016). 

Based on six physicochemical characteristics, included in the 
bioavailability, radars test, which include lipophilicity, flexibility, 
unsaturation, solubility, size, and polarity (Fig. 4) it can be concluded 
that all examined molecules are part of the ideal area of bioavailability 
radars as colored in pink, except for C6, and C13, due to their inap-
propriate unsaturation. Therefore, the majority of molecules show great 
oral bioavailability (El fadili et al., 2023b,c). 

3.7. Molecular docking 

To explore their inhibition mechanisms towards antioxidant, anti-
bacterial, and antifungal activities, six molecular docking simulations 
were conducted for two major compounds, namely: limonene (C2) and 
sedanenolide (C14), which represented 64.58, and 15.38 % of the mass 
of AG-EO, respectively, on three targeted proteins deemed to be 
important in determining the observed effects in line with their bio-
logical functions against pathogenic strains. 

Results of docking simulations demonstrate that limonene (C2) and 
sedanenolide (C14) were docked to the active sites of NADPH oxidase 
protein from Lactobacillus sanfranciscensis (2CDU.pdb), with lowest 
binding energies of ¡5.32 and ¡5.76 in Kcal/mol, and sharing a variety 
of common chemical bonds with those that bind to His10, Ala11, 
Ala300, and Ala303 amino acids residues (AARs), more than one addi-
tional Hydrogen bond, best recognized for its stabilizing effect on the 
produced (ligand–protein) complex, which was detected between Gly12 

Fig. 6. Intermolecular interactions in two and three dimensions, resulted between limonene (C2) and sedanenolide (C14) towards antibiotic protein from 
Staphylococcus aureus (2XCT.pdb). 
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AAR in A chain and the compound labeled C14, namely sedanenolide, as 
displayed in Fig. 5. 

The same candidate ligands were equally docked to the active sites of 
antibiotic protein from Staphylococcus aureus (encoded by 2XCT.pdb), 
with binding energies of ¡5.22, and ¡6.71 in Kcal/mol, indicating 
similar intermolecular interactions like those produced towards DC12, 
and DC13 AARs in the X chain, more than DG9 AAR in the Y chain, in 
addition to another common bond which was created with DG8 in the W 
chain, as well as one Hydrogen bond type resulted from the Gly459 AAR 
in the S chain, in complex with the sedanenolide compound (C14), as 
pictured in Fig. 6. 

To explore possible mechanisms of antifungal activity of AG-EO, the 
leading C2, and C14 compounds were subjected to molecular docking 
with the crystal structure of sterol 14-alpha demethylase (CYP51) from 
Candida albicans in complex with the tetrazole-based antifungal drug 
candidate VT1161 encoded in protein data bank (PDB) by 5TZ1.pdb, 
with binding energies of ¡6.75 Kcal/mol, and ¡6.98 Kcal/mol, 

respectively. Limonene molecule labeled C2 produced a variety of 
chemical bonds, including seven alkyl bonds, which were detected to-
wards Tyr118, Tyr132, Leu121, Leu376, Phe233, Phe388, and Met508 
AARs in A chain. While the sedanenolide compound, labeled C14 
created two Hydrogen bonds with Tyr118 and Tyr132 AARs, in addition 
to three Alkyl bonds formed with His468, Leu139, and Cys470 AARs in 
the A chain of the same receptor protein (Fig. 7). 

The processes of molecular docking were successfully validated since 
the major compounds (C2 and C14) were actually docked to the active 
sites of each targeted protein, in complex with their co-crystallized li-
gands (El fadili et al., 2023a), in a manner that is similar intermolecular 
interactions with NADPH oxidase, antibiotic, and CYP51 proteins. 
Where Ala11, Ala300, Asp282, Lys134, Ser115, Thr9, Glu32, Val81, and 
Met33 AARs in A chain, and Phe425 AAR in B chain: are the active sites 
of NADPH oxidase protein (2CDU), While Da13 AAR in Y chain, DG9 
AAR in X chain, Ser1084 AAR in S chain, and MN2001 AAR in W chain: 
are the active sites of 2XCT.pdb protein, so that Arg381, Lys143, Tyr118, 

Fig. 7. Intermolecular interactions in two and three dimensions, resulted between limonene (C2) and sedanenolide (C14) towards CYP51 protein from Candida 
albicans (5TZ1.pdb). 
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Tyr132, His468, and Fe601 AARs in A chain: are the active sites of 5TZ1. 
pdb protein (Fig. 8). 

Based on the results of these molecular simulations processes, it was 
concluded that antioxidant activity of AG-EO is likely occurred due to 
creation of the chemical bonds detected towards His10, Ala11, Ala300, 
and Ala303 AARs. So that antibacterial activity of AG-EO is explained 
by production of DG8, DG9, DC12, and DC13 AARs. Finally, the anti-
fungal activity of the essential oil is well explained by the detection of 
Tyr118, and Tyr132 AARs. Additionally, the obtained values of binding 
energies in Kcal/mol are largely negative and do not exceed the − 5.000 
Kcal/mol threshold, so they indicate good levels of molecular stability in 
energetic order (Gu et al., 2024). 

These results are consistent with results recently published (Sama-ae 
et al., 2023), which demonstrated biological activity of antifungal 
molecules from natural sources towards Lanosterol 14-alpha demethy-
lase (CYP51). This indicates several similar intermolecular interactions, 
including the active sites of CYP51 protein from Candida albicans. In 
another study (Jeddi et al., 2023), that examined the antioxidant effects 
of two major compounds in EO extracted from the Lavandula angustifolia 
Mill., towards NADPH oxidase protein. In fact, the major compounds of 
the plant under study, were similarly docked to the active sites of 
responsible protein, sharing broadly equivalent intermolecular in-
teractions. Similar intermolecular interactions were observed for bind-
ing of N-substituted 1-cyclopropyl-6,7-difluoro-8-methoxy-4-oxo-1,4- 
dihydroquinoline-3-carbohydrazide derivatives, which have been syn-
thesized. These synthetic compounds towards the same targeted protein 
encoded by 2XCT and were correlated with antibacterial activity against 
Staphylococcus Aureus, Micrococcus Luteus, Bacillus subtilis and the 

pathogens Gram-negative Escherichia Coli, Pseudomonas aeruginosa and 
Flavobacterium Devorans.pdb, as authored by Munshi et al (Munshi et al., 
2023). 

3.8. Research limitations 

This investigation into the antimicrobial, antioxidant, and anti- 
inflammatory properties of Apium graveolens essential oil offers a 
compelling rationale for further clinical studies. However, it would be 
beneficial to conduct in vitro testing of individual compounds present in 
this oil to precisely elucidate their efficacy. Additionally, while this 
study provides valuable insights into the antimicrobial and antioxidant 
activities of AG-EO, it lacks a detailed exploration of the molecular 
mechanisms underlying these effects. 

The in-silico simulation suggests the safety of the chemical constitu-
ents found in AG-EO. Nonetheless, to comprehensively assess the 
toxicity profile of this essential oil, further investigations utilizing ani-
mal models are warranted. These studies should evaluate the potential 
toxicity of AG-EO over extended periods of time to ensure a thorough 
understanding of its safety profile. 

4. Conclusions 

Essential oil derived from A. graveolens (AG-EO) is abundant in 
monoterpenes and sesquiterpenes, including compounds like limonene, 
hexenyl salicylate, β-pinene, sedanenolide, and naphthalene, among 
others. The utilization of PASS prediction in online theoretical studies 
has indicated moderate antioxidant, antifungal, and antibacterial 

Fig. 8. Active sites of antioxidant (2CDU.pdb), antibacterial (2XCT.pdb), and antifungal (5TZ1.pdb) proteins towards Flavin-adenine dinucleotide (Above), Cip-
rofloxacin (Left), and Tetrazole-based antifungal drug candidate VT1161 (Right), respectively. 
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properties for AG-EO. Furthermore, in-silico analyses have revealed that 
AG-EO exhibits drug-like properties, complying with Lipinski’s rule of 
five, with good ADMET profiles, displaying greater absorption, while 

exerting minimal influence on CYP enzymes. The predictive toxicolog-
ical assessments of this essential oil have suggested its safety and suit-
ability for biological applications and its potential as a medicinal agent. 

Fig. 8. (continued). 
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The mechanisms for inhibition of biological activities for major com-
pounds were investigated by use of molecular docking simulations, and 
effectively validated towards the active sites of responsible proteins. The 
potential of AG-EO is highlighted by its potent antibacterial effects 
against gram-positive strains such as Staphylococcus aureus and Bacillus 
subtilis, along with substantial antifungal activity against Candida albi-
cans. AG-EO has also exhibited remarkable antioxidant activity, as 
confirmed by DPPH, ABTS, RP, and TAC assays. Furthermore, the anti- 
inflammatory activity of AG-EO underscores its excellent efficacy. 
Therefore, it can be reasonably inferred that the AG-EO examined in this 
study presents a promising prospect as a natural source of antioxidants 
and preservatives for application in food and therapeutic products. 
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Gülçin, İ., 2012. Antioxidant activity of food constituents: an overview. Arch. Toxicol. 86 
(3), 345–391. https://doi.org/10.1007/s00204-011-0774-2. 
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