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ABSTRACT: Thymus serpyllum L., often known as wild thyme, has been used since ancient times due to its multifaceted
culinary and medicinal attributes. It is usually utilized in folk medicine to manage different health issues. This
work aimed to investigate the chemical composition and biological characteristics of T. serpyllum essential oil (EO),
including its antimicrobial, antioxidant, and anti-inflammatory capabilities. Moreover, we have prompted an in-silico
simulation to reveal the underlying mode of action of these properties. The chemical characterization of T. serpyllum
(EO) by Gas Chromatography-Mass Spectrometry (GC-MS) indicated sabinene (17.33%), terpinen-4-ol (11.73%),
phellandral (13.18%), and thymol (10.54%) as main components. The antimicrobial screening utilized the disc-diffusion
technique, MIC, and MBC assays. The disc-diffusion test’s results revealed significant anti-Candida activity and notable
antibacterial efficacy. The MIC and MBC tests showed that T. serpyllum EO effectively stops bacterial growth, including
Gram-positive and Gram-negative strains and Candida strains. The tolerance level ratio demonstrated that this EO
exhibits bactericidal and fungicidal effects on all tested bacteria and Candida strains. Also, T. serpyllum EO presented
effective inhibitory activity against the 5-lipoxygenase (5-LOX) enzyme (ICso = 744.19 + 0.1 pg/mL) (p < 0.05). It also
effectively affected FRAP, f-carotene, DPPH, and ABTS radicals. In light of these findings, T. serpyllum holds promise
for diverse applications across pharmaceuticals, nutraceuticals, and the food industry. However, further research and
collaboration between traditional knowledge and modern medicine are crucial to fully realizing its potential benefits
in these fields.

® Copyright © 2025 The Authors. Published by Tech Science Press.
This work is licensed under a Creative Commons Attribution 4.0 International License, which permits

unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.


https://www.techscience.com/journal/Phyton
https://www.techscience.com/
http://dx.doi.org/10.32604/phyton.2025.060438
https://www.techscience.com/doi/10.32604/phyton.2025.060438
mailto:amine.elbouzidi@ump.ac.ma

210 Phyton-Int ] Exp Bot. 2025;94(1)

KEYWORDS: Thymus serpyllum; GC-MS; antimicrobial; oxidative stress; anti-inflammatory; in silico

1 Introduction

Since ancient times, medicinal plants have been used to cure various illnesses, and still, they remain
a vital source of pharmaceutical chemicals [1]. Medicinal plants are a rich source of chemical compounds
that are responsible for their anticancer, antioxidant, and antidiabetic as well as antibacterial, antiviral, and
antifungal activities [2-5]. Interest in natural antimicrobial agents has increased due to the speculation about
drugs’ safety and selectivity [6]. Antimicrobial resistance is currently a worldwide problem, and the World
Health Organization (WHO) encourages the discovery of novel antibiotic resources [7,8]. Many scientists
believe that the post-antibiotic era has entered due to pathogenic microbes” heightened aggressiveness and
the antibiotics’ diminishing efficacy. This underscores the necessity to develop new drugs to counteract
these microbes [9]. In 2017, the WHO identified the most significant antibiotic-resistant bacteria globally,
underscoring the urgent requirement for new treatment options. Pathogens such as multi-drug resistant
Acinetobacter spp., Escherichia coli, Klebsiella spp., and Pseudomonas aeruginosa; along with MRSA and
vancomycin-resistant Enterococcus faecium, have presented formidable challenges, making their eradication
extremely difficult [10,11].

EOs obtained from plants have been acknowledged for their varied biological activities, which include
antioxidant, anticancer, and antimicrobial properties [12,13]. EOs are widely reported for their bioactive
chemical compounds of therapeutic potential, making them play a crucial role in drug discovery. In fact,
the investigation into the antimicrobial attributes of these natural compounds has been a focus of extensive
research in recent times and their investigation will provide a source of active agents against infections [14].

Thymus serpyllum L. (Lamiaceae), also known as wild thyme, is an aromatic plant native to Mediter-
ranean Europe and Africa, and typically, it vegetates at higher altitudes [5]. T. serpyllum is rich in essential
oils, flavonoids, and phenolic acids [15]. T. serpyllum EOs are reported for their characteristic chemical
composition, rich in bioactive compounds with important therapeutic potential [16]. These properties play a
critical role in the development of treatments aimed at reducing inflammation, managing bacterial infections,
and targeting cancerous cells [17,18].

In the present exploration, we designed to determine the volatile compounds and biological effects,
including antibacterial, anticandidal, antioxidant, and anti-inflammatory activities of Moroccan T. serpyllum
EO. Moreover, we have prompted an in-silico simulation to reveal the underlying molecular mechanisms of
these activities. Notably, to our knowledge, no previous study has reported the in vitro and in-silico anti-
inflammatory attributes of T. serpyllum EO.

2 Material and Methods
2.1 Chemicals

Lipoxygenase (5-LOX), p-iodonitrotetrazoliumchloride, 2,2-diphenyl-1-picrylhydrazyl (DPPH),
methanol, ethanol, butylhydroxytoluene (BHT), acid 2,2’-azino-bis (3-ethylbenzothiazoline-6-sulphonique
(ABTS), linoleic acid, potassium ferricyanide K;Fe(CN)g, Butylated hydroxyanisole (BHA), trichloroacetic
acid (TCA), ferric chloride (FeCl3), and quercetin were obtained from Sigma-Aldrich. Luria-Bertani (LB),
Potato dextrose agar (PDA), Yeast Extract-Peptone-Dextrose (YPD) agar, dimethyl sulfoxide (DMSO),
clotrimazole, chloramphenicol, fluconazole and clotrimazole were acquired from labKem, Spain and Biokar
Diagnostics, France.



Phyton-Int ] Exp Bot. 2025;94(1) 21

2.2 Plant Material

Thymus serpyllum L. fresh leaves were harvested in March 2023 from the province of Taounate, Morocco
(347 39' 03" N, 4" 16’ 40" W).

The plant taxonomical classification was done at the Scientific Institute, Mohammed V University in
Rabat, where a voucher specimen was deposited under the reference number RAB 11502.

2.3 EO Isolation

200 g of the fresh leave were dried at 25°C for 6 days and then hydrodistilled for 3 h using a Clevenger-
type glass apparatus. EOs separately isolated and dehydrated with anhydrous sodium sulphate (Na,SO,),
before its storage. This experiment was conducted four times.

2.4 GC/MS Analysis of the EO

GC chromatograms and mass spectra were used to analyze the obtained oil samples using Shimadzu
GC/MS-QP 2010 (Kyoto, Japan) coupled to a mass spectrometer (SSQ 7000 quadrupole: Thermo-Finnigan,
Bremen, Germany). The capillary column used was Rtx-5MS, 30 m in length, 0.25 mm internal diameter,
and 0.25 pm film thickness (Restek, Bellefonte, PA, USA). The run started initially at 45°C for 2 min,
then increased gradually to 300°C (heating rate of 10-20°C/min). The temperature of the injector was
kept at 250°C, whereas the detector’s temperature was held at 280°C. Automatic sample injection was
applied (1 pL, split ratio of 1:15), and the carrier gas used was Helium with a flow rate of 1.41 mL/min. The
following conditions were applied for the mass spectrometry: the ion source temperature was set at 200°C,
an ionization voltage of 70 eV, and the scan range was performed from 35 to 500 amu.

2.5 Compound Identification

The mass spectra of the individual GC peaks were identified through a computerized search using
commercial libraries (WILEY, NIST). The identification was further confirmed by comparing the results with
published data and calculating the retention indices (RI) relative to a series of n-alkanes (C6-C22) [19,20].

2.6 Microbial Strains

This study employed seven microbial strains, encompassing two Gram-positive bacterial species, specif-
ically Staphylococcus aureus ATCC 29213 and Bacillus subtilis ATCC 6633. Three Gram-negative bacterial
species were included: Klebsiella aerogenes ATCC 13048, Escherichia coli ATCC 27853, and Salmonella
enterica serotype Typhi. Furthermore, two clinical isolates of fungal strains, namely Candida albicans and
Candida tropicalis, were incorporated.

2.7 Disc-Diffusion Test

The preliminary screening of the antimicrobial effects of T. serpyllum EO was conducted using the
disc diffusion method, incorporating minor modifications as per a previously outlined methodology [21].
LB agar medium was inoculated with the bacterial culture suspension, and YPD agar was inoculated with
Candida strains using a swab. Subsequently, 6 mm sterile filter paper discs, saturated with 10 pL of TSEO, were
positioned on respective plates. Positive control for bacteria included chloramphenicol (15 pg/disc), while
clotrimazole (20 pg/disc) was a reference drug for yeasts. The inoculated plates were incubated at appropriate
conditions; following the incubation period, the inhibitory diameters were measured in millimeters. The
results were then expressed as the mean + SD based on three independent replicates.
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2.8 Determination of MIC

The Minimum Inhibitory Concentration (MIC) of T. serpyllum EO against the examined microorgan-
isms that exhibited noticeable results was determined using the micro-broth dilution technique, employing
96-well microplates with slight modifications as previously mentioned [21]. The MIC values were determined
as the lowest concentrations that did not exhibit detectable microbial growth in the examined wells.

2.9 MBC and MFC Tests

Following the completion of the MIC test, assessments for minimum bactericidal activity (MBC)
and minimum fungicidal activity (MFC) were carried out, as previously reported [22]. Additionally, the
MBC/MIC was analyzed to differentiate between bacteriostatic and bactericidal effects, and the MFC/MIC
was calculated to classify the activity as either fungistatic or fungicidal.

2.10 Antioxidant Assays

The antioxidant potential of T. serpyllum EO has been investigated using four known complemen-
tary methods, including DPPH, ABTS, reductive power and [-carotene/linoleic acid tests as indicated
in the literature [23,24]. The experiments were performed in three independent replicates (n = 3), and
ICsy was calculated from inhibition curves and presented as mean + SD. BHT and BHA were used as
standard antioxidants.

2.11 In Vitro Anti-Inflammatory Assay

The anti-inflammatory effects of T. serpyllum EO were assessed in vitro using the 5-Lipoxygenase (5-
LOX) inhibition method, following linoleic acid oxidation at 234 nm, as outlined by [25]. In summary, a
mixture of 20 uL T. serpyllum EO and 20 pL 5-LOX from glycine max (100 U/mL) was combined with 200 pL
phosphate buffer (0.1 M, pH 9), then incubated at 25°C for 6 min. Subsequently, 20 pL linoleic acid (4.18 mM)
was added, and the mixture was monitored for 3 min at 234 nm. Results were presented as ICso + SD from
three replicates, with quercetin serving as the standard compound.

2.12 Molecular Docking Protocol

The molecular docking simulation was utilized to anticipate the likely binding configurations and
strengths of T. serpyllum components with precise target biomolecules [26]. We employed a computational
docking technique to forecast the identified compounds’ potential antibacterial and anti-inflammatory
properties. We chose specific proteins based on previous studies: dihydrofolate reductase (DHFR) enzyme
(PDB ID: 4M6]) for antibacterial effects [27], 5-Lipoxygenase (PDB ID: IN8Q) for anti-inflammatory
activity [28], and NADPH oxidase (PDB ID: 2CDU) for the antioxidant activity [27].

The target proteins were prepared and labeled as macromolecules within PyRx [29]. The 3D ligand
conformers in SDF format were optimized in PyRx and converted to pdbqt format using Open Babel in
AutoDock Vina, selecting the best-fit structure [30].

2.13 Statistical Analysis

Statistical analysis was performed in triplicate (n = 3), with results expressed as mean + SD. Data were
analyzed using GraphPad Prism 9 and XLSTAT 2016, applying one-way ANOVA followed by Tukey’s test,
with significance set at p < 0.05.
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3 Results and Discussion

3.1 Chemical Composition

The EO yield (v/w) of T. serpyllum extracted from the fresh leaves using a hydrodistillation Clevenger-
type method was 2.17%. GC/MS analysis determined the plant EO’s chemical composition. Eighteen
components representing 99.99% of T. serpyllum leaves EO were identified (Table 1 and Fig. 1).

Table 1: Chemical composition of T. serpyllum EO based on GC/MS analysis

No. RT(min) RI RIThl Compounds Relative Molecular formula
abundance (%)
1. 5.01 926 923 Tricyclene 2.55 CioHis
2. 5.20 939 939 a-Pinene 9.64 CioHis
3. 5.46 971 973 Sabinene 17.33 CioHis
4. 5.92 979 979 B-Pinene 1.08 CioHis
5. 6.57 1014 1001 (+)-4-Carene 0.45 CioHis
6. 6.72 1020 1017 B-Cymene 3.01 CioHis
7. 6.89 1054 1059  5-Heptenal, 2,6-dimethyl- 2.05 CoH;c0
8. 7.28 1088 1088 Terpinolene 1.18 CioHi4
9. 7.97 1095 1198 Linalool 3.35 CioHi50
10. 8.77 1146 1143 Camphor 1.35 C1oH;6O
1. 9.18 1166 1168 Borneol 8.02 CioH;50
12. 9.54 1135 1135 Phellandral 13.18 CioH;60
13. 9.31 1177 1979 Terpinen-4-ol 11.73 CioHi50
14. 10.26 1239 1240 p-Cumic aldehyde 2.21 CoH;,0
15. 10.91 1245 1241 2-Caren-10-al 5.62 CioH140
16. 11.15 1280 1281 a-Thujenal 1.74 CioH; 40
18. 13.11 1419 1421 Caryophyllene 4.96 Ci5Hyy
Nonoxygenated hydrocarbons 39.02
Oxygenated compounds 59.82
Total identified compounds 99.99

Note: RI Thl: RI theoretical.

1.0 (-x‘llg,OO0,000)
o.75€
0.50] o 2
o.zsé . . & o 2
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Figure 1: Total ion chromatogram (TIC) of GC-MS analysis of T. serpyllum EO

Sabinene (17.33%), terpinen-4-ol (11.73%), phellandral (13.18%), thymol (10.54%), and «a-pinene (9.64%)
were the principal detected molecules from T. serpyllum EO. Oxygenated monoterpenes represent the main
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class of compounds in the EO of T. serpyllum, accounting for 59.82%. Although oxygenated monoterpenes
have been reported previously as the key components class in T. serpyllum oil, the major compounds
identified in the present study from the isolated oil are different. Thymol was reported previously as the
major component of T. serpyllum EO with a percent composition of (30%) [31], (38.5%) [32] and (18.8%) [33].
Meanwhile, thymol is identified in our study in a lesser amount (10.54%). Moreover, carvacrol was reported
in one study as the major component (49.4%) of the EO isolated from wild thyme, and it was reported in
another study among the major components of T. serpyllum EO with a percentage of (17.4%) [34]. In a study
comparing the oil composition of T. serpyllum in both pre and flowering stages, carvacrol was identified with
a percent composition of 1.34% and 0.4% respectively [35]. In our study, carvacrol was not detected among
the oil components of T. serpyllum.

On the other hand, sabinene is identified in the present study as the major component (17.33%); however,
it was reported earlier in a trace amount (0.6%) in the EO of the wild thyme. Furthermore, our results show
terpinen-4-ol (11.73%) as one of the major components of the oil, while, it was identified in another study in a
small amount with a percentage of 1.5% [31]. Moreover, phellandral (13.18%) is among the major component
of the isolated oil and reported in our study for the first time from the T. serpyllum oil.

Additionally, although «a-pinene was reported as a minor component in the previous studies with a
composition of 2.4% [31], 0.6% [36], and 1.2% [33], it is identified in our study among the main components
with a percent abundancy of 9.64%.

These findings show differences in EO’s chemical composition, which may be attributed to many factors.
Generally, plants chemical composition is reported to differ due to the age of the plant organs, time of
collection, geographical factors, and climate variation [37-39]. Moreover, the EO composition may vary due
to the volatile oil extraction method, which significantly impacts the oils” profiles [40].

3.2 Antimicrobial Activity

In Fig. 2, the results of the disc diffusion test revealed that, among the tested bacterial and fungal strains,
yeast exhibited the highest susceptibility. Candida albicans recorded 26.10 + 1.16 mm, while Candida tropicalis
recorded 23.67 + 2.08 mm, respectively. The inhibition zones (in mm) were higher than those of the reference
drug (clotrimazole), and this difference was statistically significant using the ANOVA test at p < 0.05. On
the other hand, bacterial strains also exhibited remarkable and significant susceptibility to T. serpyllum EO
compared to the reference drug (Chloramphenicol). Bacillus subtilis showed the highest susceptibility to T.
serpyllum EO with a mean value of 20.16 + 1.34 mm, followed by K. aerogenes (18.04 + 0.93 mm), S. aureus
(17.69 + 1.45 mm), S. enterica (12.19 + 1.23 mm), and E. coli (11.07 + 2.25 mm), respectively. These results
indicate that this EO has broad-spectrum antibacterial Effect. Our findings regarding the high anticandidal
properties of T. serpyllum EO are of significant interest, considering the substantial challenges in treating
infections triggered by yeasts of the Candida genus.

Noteworthy clinical species include C. albicans, C. tropicalis, C. auris, C. krusei, C. parapsilosis, and
C. glabrata [41]. Furthermore, our results align with prior research. In a study on Moroccan T. serpyllum,
strong anticandidal activity was observed against four Candida species, with inhibition zones ranging
from 17.33 + 1.15 to 12.0 + 1.0 mm [42]. This variability was attributed to seasonal influences affecting
the chemical composition and antimicrobial activities of plants [43]. Regarding antibacterial activity, our
findings are consistent with existing literature. Previous reports highlighted that among three Thymus species
(T. algeriensis, T. serpyllum, and T. vulgaris), T. serpyllum exhibited the highest antibacterial activity (3).
Another study noted that the ethanol extract of T. serpyllum demonstrated broad-spectrum activity against
S. aureus, B. subtilis, E. coli, and P. aeruginosa [44]. Historically, aromatic plants of the Thymus genus have
been recognized for their antibacterial properties [45].
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Figure 2: Antimicrobial activity of T. serpyllum EO using disc diffusion method; Data with different letters indicate
no significant differences, as determined by Tukey’s multiple range test (p < 0.05). (A) inhibition zones of T. serpyllum
EO and chloramphenicol against bacteria. (B) inhibition zones of T. serpyllum EO, and clotrimazole against the two
Candida species

The antibacterial potential of T. serpyllum EO was also investigated through MIC, MBC/MFC, and by
determining the tolerance levels of the tested bacteria. As shown in Table 2, the lowest MIC values were
recorded by S. aureus (0.125%), followed by C. tropicalis and B. subtilis (0.25%), K. aerogenes and E. coli
(0.5%), and C. albicans and S. enterica (1.0%). The MIC results of the EO were significantly higher than
those of the reference drugs for bacteria and fungi. The observed variability of T. serpyllum EO in MIC
values across different microorganisms suggests a nuanced response to T. serpyllum EO. Factors influencing
this variability may include variations in cell wall structure, membrane permeability, or specific resistance
mechanisms inherent to each microorganism [46].

Table 2: MIC, MBC, and MFC values of T. serpyllum EO

Microorganisms  T. serpyllum EO (% v/v) ~ Chloramphenicol (ug/mL) Clotrimazole (ug/mL)
MIC MBC MBC/MIC MIC MBC MBC/MIC MIC MFC MEC/

Or Or MIC
MFC MEFC/MIC
B. subtilis 025 0.25 1 256 256 1 NT NT NT

ATCC 6633

(Continued)
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Table 2 (continued)

Microorganisms  T. serpyllum EO (% v/v)  Chloramphenicol (ug/mL) Clotrimazole (ug/mL)
MIC MBC MBC/MIC MIC MBC MBC/MIC MIC MFC MEFC/

Or Or MIC
MFC MEFC/MIC
S. enterica 1 4 4 512 512 1 NT NT NT
serotype Typhi
E. coli ATCC 0.5 1 2 64 128 2 NT NT NT
27853
S. aureus ATCC  0.125 0.25 2 256 256 1 NT NT NT
29213
K. aerogenes 0.5 0.5 1 32 32 1 NT NT NT
ATCC 13048
C. albicans 1 1 1 NT NT NT 16 16 16
(clinical isolate)
C. tropicalis 0.25 5 2 NT NT NT 4 8 2

(clinical isolate)

Note: Chloramphenicol and clotrimazole are used as standard drugs. NT: Not tested.

Additionally, the diverse nature of microbial species may result in distinct interactions with the EO,
influencing the observed MIC values. Understanding these variations is crucial for elucidating the broad-
spectrum potential of T. serpyllum EO. Furthermore, this study’s range of MIC values holds significant
clinical implications. The efficacy of T. serpyllum EO, particularly against prominent pathogens like S. aureus
and Candida species, suggests its potential application as an alternative or adjunctive therapeutic agent.
Remarkably, the outcomes of the MBC and MFC tests revealed that T. serpyllum EO could eliminate all
tested bacteria, encompassing both Gram-positive and Gram-negative strains, at concentrations ranging
from 4.0% to 0.25%. In the case of Candida spp., the effective concentration spanned from 5.0% to 1.0%.
Consequently, considering the tolerance level (MBC/MIC or MBC/MFC), T. serpyllum EO exhibited a
bactericidal effect against the entire spectrum of tested bacteria, with MBC/MIC ratios ranging from 4.0 to
1.0. Additionally, it demonstrated a fungicidal effect specifically against C. albicans and C. tropicalis, indicated
by MFC/MIC ratios of 1.0% and 2.0%, respectively. As a general rule, antimicrobial agents are classified as
either bactericidal or fungicidal when the MBC/MIC and MFC/MIC ratios are 4.0 or less. In such instances,
achieving concentrations of the tested agent sufficient for eliminating 99.9% of the treated organisms is
considered feasible. Conversely, if these ratios exceed 4.0, administering doses of the tested agent capable of
eradicating 99.9% of microorganisms may become impractical, resulting in the categorization of the agent
as bacteriostatic.

Previous investigations are consistent with our study; it was reported that T. serpyllum EO was listed
as potent antifungal against clinical Candida isolates with MIC values ranging from 0.49 to 3.9 ug/mL [47].
Furthermore, T. serpyllum EO exhibits antimicrobial activity against a broad spectrum of oral microbes,
encompassing Streptococcus spp., Lactobacillus acidophilus, Enterococcus faecalis, P. aeruginosa, S. aureus,
and Candida spp., with MIC values ranging from 1.0 to 5.0 ug/mL and MBC/MFC spanning from 2.0 to
10.0 pg/mL [45]. In additional studies, its efficacy was assessed against gram-negative bacterial isolates, such
as P. aeruginosa, Salmonella, and others, revealing MIC values within the range of 0.2 to 12.5 uL/mL [45].
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In conclusion, this oil has the potential to function as a natural antimicrobial for addressing a wide range
of infections triggered by bacterial or fungal pathogens. It is advisable to conduct thorough research on
multidrug-resistant pathogens, along with other pertinent biological studies.

3.3 Antioxidant Activity

The antioxidant activity of T. serpyllum EO has garnered significant interest due to its potential health
benefits. Several studies have explored its antioxidant properties using different in vitro assays, shedding light
on its potential applications in food preservation, pharmaceuticals, and cosmetics. Various investigations
have proved the powerful antioxidant profile of T. serpyllum [48]. The obtained ICs, values agree with other
study [49], which indicated T. serpyllum EO possesses strong antioxidant ability compared to other oils from
Thymus species.

According to Fig. 3 findings, T. serpyllum EO demonstrates significant antioxidant properties compared
to the standard antioxidants BHT and BHA, used as reference points (p < 0.05). T. serpyllum EO shows strong
scavenging action on DPPH and ABTS radicals, with ICs, values of 451.37 + 3.02 and 300.04 + 2.23 ug/mL,
respectively (Table 3). The results from the FRAP technique suggest that T. serpyllum EO possess valuable
capacity for reducing ferric ions, with an ICs, value 0f176.12 + 5.84 ug/mL. Nevertheless, this reducing power
is still less active as of the synthetic antioxidants BHT (ICsq = 55.02 + 0.29 pg/mL) and BHA (IG5 = 63.00
+ 1.05 pg/mL). Furthermore, in the p-carotene-bleaching test, T. serpyllum EO significantly inhibits lipid
peroxidation with an ICs, of 813.9 + 3.42 ug/mL (p < 0.05).
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Figure 3: 2D Molecular docking interactions of apocynin (A), and caryophyllene (B), with NADPH oxidase (PDB:
2CDU)

Table 3: Antioxidant activity of T. serpyllum EO

DPPH ABTS FRAP B-carotene
T. serpyllum EO 45137 + 3.02° 300.04 + 2.23° 176.12 + 5.84° 813.9 + 3.42°

(Continued)
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Table 3 (continued)

DPPH ABTS FRAP B-carotene
BHT 54.0 £ 0.18" 872 + 1.01° 55.02 + 0.29* 32.02 + 0.09°
BHA 56.11 + 0.04* 68.31 = 1.57° 63.00 £ 1.05* 28.07 £ 0.14°

Note: Results with the same letter in the same test indicate non-significant difference by Tukey’s multiple range test
(ANOVA, p < 0.05).

Our results confirm those reported in the literature, including the work of [49] who indicated that T.
serpyllum EO exhibited significant antioxidant activity, attributed to its high content of phenolic compounds
such as thymol and carvacrol. The study by Pruteanu et al. [50] recently showed that T. serpyllum EO collected
from Western Romania possesses significant antioxidant potential, with high levels of phenolic compounds
contributing to its free radical scavenging ability. Interestingly, Mrkonji¢ and his collaborators [51] the volatile
content and antioxidant properties of T. serpyllum EO obtained by different extraction methods, including
hydrodistillation, soxhlet and supercritical fluid extraction (SFE). The results revealed that the supercritical
fluid extraction method yielded EO with remarkable antioxidant activity, suggesting the potential of T.
serpyllum as a natural antioxidant agent.

The antioxidant activity of T. serpyllum EO underscores its potential therapeutic applications in
combating oxidative stress-related disorders, such as diabetes, inflammation and cancer preserving the
quality of food and cosmetic products. However, it is crucial to consider factors such as extraction method,
geographical origin, and storage conditions, which can influence the antioxidant potency of the EO.

3.4 Anti-Inflammatory Activity

Inflammation is a multifaceted biological reaction triggered within the body as a protective response
to harmful stimuli, including pathogens, toxins, or tissue damage. While inflammation plays a vital role in
the immune system’s defense mechanism, persistent inflammation can foster the onset of diverse ailments,
encompassing cardiovascular disease, cancer, and autoimmune disorders [52,53]. One significant aspect of
inflammation is the implication of lipoxygenases (LOX), enzymes that play a crucial role in producing lipid
mediators called leukotrienes. These leukotrienes are involved in various inflammatory processes, including
immune cell recruitment, vascular permeability, and tissue damage [54,55].

LOX enzymes catalyze the oxidation of polyunsaturated fatty acids, such as arachidonic acid, leading
to the formation of leukotrienes. These lipid mediators act as signaling molecules, triggering inflammatory
responses by binding to specific receptors on immune cells and other target cells. Understanding the role of
LOX in inflammation offers valuable insights into the mechanisms underlying inflammatory diseases and
may lead to the elaboration of innovative therapeutic approaches targeting these enzymes [56]. Inhibitors of
LOX activity is being investigated as potential anti-inflammatory agents, aiming to modulate inflammatory
responses and reduce tissue damage associated with chronic inflammation.

Natural compounds sourced from plants, especially EOs have garnered attention for their anti-
inflammatory attributes. These compounds typically influence pivotal inflammatory pathways and mediators
in the body.

In this investigation, T. serpyllum EO has shown remarkable inhibition on the 5-LOX enzyme, with an
IG5 value of 744.19 + 0.1 pg/mL. This effect was less effective than the standard drug quercetin, which had
an IG5 value of 46.22 + 0.03 ug/mL (Table 4).



Phyton-Int ] Exp Bot. 2025;94(1) 219

Table 4: Anti-inflammatory activity of T. serpyllum EO

T. serpyllum EO 744.19 + 0.1°
Quercetin 46.22 + 0.03*

Note: Results with the same letter in the same test indicate
non-significant difference by Tukey’s multiple range test
(ANOVA, p < 0.05).

Although T. serpyllum EO is mainly renowned for its antimicrobial and antioxidant properties,
emerging evidence suggests its potential anti-inflammatory effects. Indeed, T. serpyllum EO contains high
levels of the compounds sabinene, thymol, and carvacrol, which have been shown to possess effective
anti-inflammatory activity. These compounds have been shown to inhibit inflammatory pathways such as
NF-kappaB and MAPK signaling, which play key roles in regulating the expression of pro-inflammatory
genes [57-60].

Additionally, T. serpyllum EO has exhibited antimicrobial and anti-biofilm properties, which can help
reduce inflammation by inhibiting pathogenic microorganisms. The oil has shown potent activity against
bacteria like P. aeruginosa, Salmonella, and biofilm-forming B. subtilis [33,61].

Conversely, T. serpyllum extract has been found to protect against inflammatory states. Studies have
found that T. serpyllum aqueous extracts can inhibit inflammatory responses and modulate gut dysbio-
sis (imbalance of gut microbiome) [62]. The antioxidant activity of the T. serpyllum extract reduced
inflammation markers and improved the gut microbiome composition in experimental models of colitis [62].

3.5 Molecular Docking Results

To understand how the T. serpyllum EO affects pharmacological activities, we employed computational
methods to conduct molecular docking of its bioactive components with corresponding molecular receptors.

The strength of binding is indicated by the numerical value of the binding affinity (kcal/mol), with higher
values indicating weaker binding. Our docking predictions revealed a high level of accuracy, demonstrating
an expected binding affinity with a mean square deviation of zero [63].

In this investigation, we utilized a methodology to evaluate the binding affinities of 19 compounds
found in the essential oil. These compounds were assessed against three proteins associated with the two
investigated biological activities: dihydrofolate reductase (DHFR) enzyme (PDB ID: 4M6]) for antibacterial
effects [27], 5-Lipoxygenase (PDB ID: IN8Q) for anti-inflammatory activity [28] and NADPH oxidase (PDB
ID: 2CDU) for the antioxidant activity [64]. The findings of the molecular docking analyses are visually
represented systematically, offering a graphical approach that significantly aids in identifying chemical
compounds capable of inhibiting specific biological targets. This graphical depiction facilitates an intuitive
visual examination of interactions between the tested molecules and the active sites of the target proteins.

3.6 Antioxidant Activity: Interactions with NADPH Oxidase (PDB: 2CDU)

NADPH oxidase, a multi-subunit enzyme complex primarily found in phagocytes, plays a pivotal
role in generating reactive oxygen species (ROS) as part of the immune response [65]. While ROS serve
important functions in cellular signaling and host defense, excessive production due to dysregulation of
NADPH oxidase can lead to oxidative stress [66]. This oxidative stress contributes to various pathological
conditions, including inflammation, neurodegenerative diseases, and cardiovascular disorders [52]. Con-
sequently, inhibition of NADPH oxidase is a promising therapeutic strategy to mitigate oxidative damage
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and alleviate associated diseases [67]. By targeting this enzyme, researchers aim to regulate ROS levels
effectively, thereby preventing the detrimental effects of oxidative stress on cellular components and overall
tissue homeostasis [67]. The protein structure, identified by its PDB UD 2CDU, was acquired from the
RCSB Protein Data Bank and represents the Crystal Structure of NADPH Oxidase from Lactobacillus
sanfranciscensis [68].

In this investigation, eight molecules were found to have comparable binding affinity values in com-
parison with apocynin, a natural compound derived from the roots of certain plants, notably the Picrorhiza
kurroa and Apocynum cannabinum species, well-known for its ability to inhibit the activity of NADPH
oxidase, an enzyme complex involved in the production of reactive oxygen species (ROS) within cells [69].
These molecules are caryophyllene, linalyl anthranilate, 2-caren-10-al, p-menth-1-en-4-ol, (+)-4-carene, p-
cumic aldehyde, f-cymene, phellandral, with docking scores of -7.2, 6.6, —6.1, =5.9, —5.8, —5.8, —5.7, and
—5.7 kcal/mol, respectively. Caryophyllene, a naturally occurring sesquiterpene abundant in various plants
and renowned for its characteristic spicy, woody aroma and taste, exhibited a remarkable docking score of
—7.2kcal/mol. Apocynin was used as a reference; its docking score was found to be —5.7 kcal/mol), suggesting
that caryophyllene from our study as a more potent inhibitor of caryophyllene (Fig. 4). Moreover, the
molecular interaction analysis revealed intriguing insights into the mode of action of caryophyllene. While
apocynin demonstrated binding interactions via two hydrogen bonds with specific amino acid residues
within the proteins binding pocket of the NADPH oxidase enzyme, namely TYR A: 159 and ILE A: 160
(Fig. 3), caryophyllene, intriguingly, did not engage in any hydrogen bond formation with the amino acid
residues from the active site.

Interactions

D van der Waals D Alkyl
D Conventional Hydrogen Bond |:] Pi-Alkyl Interactions
:] Carbon Hydrogen Bond :| van der Waals |:| Pi-Alkyl

Figure 4: 2D Molecular docking interactions of ciprofloxacin (A), and caryophyllene (B), with dihydrofolate reductase
(PDB: 4M6))

3.7 Antibacterial Activity: Interactions with Dihydrofolate Reductase (PDB: 4M6])

Dihydrofolate reductase (DHFR) is a crucial enzyme involved in synthesizing tetrahydrofolate, which
is essential for producing purines, pyrimidines, and certain amino acids [70]. Inhibiting DHFR has been
a primary objective in developing antibacterial, antifungal, anti-tuberculosis, and anticancer drugs, as
disrupting this pathway can hinder cell replication and growth [71,72].



Phyton-Int ] Exp Bot. 2025;94(1) 221

The protein’s structure, identified by its PDB ID 4M6], was obtained from the RCSB Protein Data Bank
and represents the crystallographic depiction of DHFR from Staphylococcus aureus [73]. This structural
understanding presents a promising avenue for potential antibacterial therapeutic development, particularly
against S. aureus, a virulent pathogenic bacterium implicated in various infections, including skin and
soft tissue disorders and bone infections [73]. Targeting DHER is strategically significant as inhibiting this
enzyme disrupts tetrahydrofolate biosynthesis, depleting crucial folate coenzymes necessary for nucleic acid
(DNA and RNA) and specific amino acid synthesis [74]. Consequently, DHFR represents an attractive target
for advancing antibacterial drugs, effectively impeding bacterial growth and proliferation [75].

Caryophyllene exhibited a remarkable docking score of —8 kcal/mol in this investigation. This score,
comparable to that of ciprofloxacin, a widely-used broad-spectrum antibiotic belonging to the fluoro-
quinolones class, suggests the potential of caryophyllene as a potent antibacterial agent within the essential
oil composition (Fig. 4).

Moreover, the molecular interaction analysis revealed intriguing insights into the mode of action
of caryophyllene. While ciprofloxacin demonstrated binding interactions via three hydrogen bonds with
specific amino acid residues within the protein’s binding pocket, namely SER A:3, VAL A:109, and HIS
A:130 (Fig. 4), caryophyllene, intriguingly, did not engage in any hydrogen bond formation with the amino
acid residues from the active site. This observation suggests a potentially unique mechanism of action for
caryophyllene compared to traditional antibiotics like ciprofloxacin. Instead of directly forming hydrogen
bonds with the target protein, caryophyllene may exert its antibacterial effects through alternative mecha-
nisms such as membrane disruption, interference with bacterial cell signaling pathways, or modulation of
host immune responses. Further elucidation of these mechanisms could unveil novel strategies for combating
bacterial infections and potentially reduce the risk of antibiotic resistance development.

3.8 Anti-Inflammatory Activity: Interactions with 5-LOX (PDB: IN8Q)

Lipoxygenases (LOXs) are widely dispersed across both the plant and animal kingdoms, representing a
diverse array of enzymes [76]. Their primary function revolves around catalyzing reactions on polyunsatu-
rated fatty acids (PUFA) with cis double bonds, with the 20-carbon arachidonic acid (AA) being a prominent
substrate in animals [76]. LOX enzymes are named after the specific carbon they oxygenate, exemplified by
9-LOX and 13-LOX in plants, and 5-LOX, 12-LOX, and 15-LOX in animals [77]. Nonetheless, the reactions
catalyzed by LOXs may also yield undesirable outcomes [55]. For instance, excessive activation of 5-LOX
in humans leads to heightened leukotrienes (LTs) levels, thereby instigating inflammation and associated
conditions such as bronchoconstriction.

In this study, 14 compounds had potent theoretical inhibitory potential against lipoxygenase (Fig. 5),
with binding affinity values ranging from —5.9 to —7.5 kcal/mol (see Fig. 6). Linalyl anthranilate, a commonly
utilized chemical compound in the fragrance industry, which is classified as an ester and is derived from
linalool and anthranilic acid, was found to have the lowest binding affinity value of —7.5 kcal/mol among
the compounds identified in TSEO, in comparison with protocatechuic acid (-5.9 kcal/mol), a recognized
inhibitor of lipoxygenases.

The interaction of linalyl anthranilate with the protein involved the formation of four hydrogen bonds
with specific amino acid residues from the binding site, namely SER A:147, ILE A:160, GLU A:183, and ARG
A:200. It is noteworthy that when compared to the native ligand, we observed that the native ligand formed
seven hydrogen bonds, as depicted in Fig. 3. These findings highlight the potential of linalyl anthranilate as a
potent inhibitor of the studied protein. Moreover, the diverse nature of their binding interactions underscores
their promise as a candidate for further exploration in developing novel therapeutic agents.
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Figure 5: 2D Molecular docking interactions of protocatechuic acid ((A), native ligand of 5-LOX), and linalyl
anthranilate (B), with 5-lipoxygenase (PDB: IN8Q)

9=

= 1N8 ® 4MeJ A 2cDU
) u Q
N # 4M6J
= -8 g .
Q * Native ligand
< u :
3 -7 h*
@ "
c * % ¥ 1N8Q
i * et g i
o -6= * [ ._* * u m” _.* e Native ligand
YRy My g e A eI o
5 A ® [ 2 S 2CDU
£ A , l o A Native ligand
m 5=
[}
<
'8
-4 | ] ] ] I I I | | | ] ] | | | | | | ]
¢ & & & & & N & d & O SDDS @
c}é\ \(@o (5\“0 .&Qo éeo &eo é‘c\ &0.@0 &é‘ &é“ (\y f»“& é‘* 0,\\\\ IS &?«\ @@ $®°
\(ﬁ vp’Q P ‘09 b‘,(’ S]‘ & &Qv‘ W ? ® . Q>\ N & @fo & < Q‘\
& ¥ o N o« A A S P Q
X & S & o &L N
X 4 & & QW I
> » & @
& Q SR
@ ¢V
e
.
1N8Q -571-58]-59]|-58]|-62]-61]-53]-60]-57]-6.0]-59]-63]-63]-62]-7.5]-6.1]-6.0]-6.4]-7.0
4M6J 59 |-57]-59]-57|60]62]|-51]-62]|-54]-58]|-56]-59]|-59|-62|-64]-56]-62]-6.0]-8.0
2CDU -56 |-56]|-54]-53]|-58]-57]-50]-56]-57]-54]-59]-57]-58]-59]-6.6|-6.1]-56]-55]-7.2

Figure 6: Free binding energy values (kcal/mol) of the 19 compounds identified in TSEO. Dihydrofolate reductase
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4 Conclusion

Based on the analysis of the chemical composition and biological activity of T. serpyllum EOQ, it can be
concluded that the oil possesses a diverse array of chemical constituents and exhibits significant biological
effects. The oil's composition includes various compounds known for their therapeutic properties, suggesting
its potential for medicinal use. Furthermore, the biological activities demonstrated by T. serpyllum EO,
such as antimicrobial and antioxidant effects, indicate its potential applications in various fields, including
pharmaceuticals, cosmetics, and food preservation. However, more research is warranted to fully elucidate its
mechanisms of action and explore its potential therapeutic benefits in clinical settings. Moreover, although
preliminary evidence suggests that T. serpyllum EO may possess promising anti-inflammatory effects, further
preclinical and clinical investigation is needed to fully understand its anti-inflammatory properties and
potential therapeutic applications in humans.
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