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Abstract

Background/Objectives: Essential oils (EOs) are complex mixtures extracted from plants.
The aim of this study was to evaluate the chemical composition, antioxidant and
antimicrobial properties, as well as in vivo toxicity against Drosophila melanogaster of the
EOs extracted from Achillea millefolium L. (AM), Mentha longifolia L. (ML), and Thymus
serpyllum L. (TS) from the mountains in Sibiu County, Romania. Methods: EOs were
extracted by hydrodistillation. Their phytocompounds were determined by Gas
Chromatography-Mass Spectrometry. Antioxidant potential was evaluated by 2,2-
(DPPH),
acid]-diammonium salt (ABTS), and ferric-reducing antioxidant power (FRAP) assays.

diphenyl-1-picrylhydrazyl 2,2'-azinobis  [3-ethylbenzothiazoline-6-sulfonic
Antibacterial action was measured against eight pathogenic bacteria. An in vivo D.
melanogaster diet-dependent viability assay was conducted to assess the toxicity of the
EOs. Results: Chamazulene (49.72%), pulegone (36.20%), and thymol (42.11%) were the
most abundant constituents of the AM, ML, and TS EOs, respectively. All tested EOs
exerted antioxidant activity, with TS EO being the most efficient in the DPPH (98.19%
inhibition) and ABTS (1.82 mmol Trolox equivalent (TE)/mL EO) scavenging assays, while
AM EO performed best in the FRAP assay (66.70 umol TE/mL EO). Against TS EO, Bacillus
subtilis was the most sensitive, with an inhibition zone of 37 mm. A dose-dependent
decrease in the viability of D. melanogaster L. was observed when their diet was
supplemented with AM, ML, and TS EOs. Conclusions: The analyzed EOs demonstrated
antioxidant and antimicrobial effects, suggesting their potential applications in various
fields. However, due to their toxicity, an in-depth analysis is required before introducing
such products in therapy.
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1. Introduction

Essential oils (EOs), also known as volatile oils, have started to be highly demanded
products, with their market experiencing significant growth in recent years globally, with
a market size of USD 25.86 billion in 2024 and a forecast to reach USD 56.25 billion by 2033
[1]. EOs have various applications in food, agriculture and cosmetic industries [2].
Moreover, based on their therapeutic effects, essential oils and their bioactive compounds
are intensively studied for the development of new pharmaceutical products [3]. This
increased demand is a result of peoples awareness of the health benefits of natural
products, including EOs [4].

EOs have a complex composition and a characteristic smell [5]; generally, they
contain two or three major constituents, along with other minor constituents, reaching a
total of 20 to 60, and sometimes over 300, different compounds. EOs consists of terpenes,
terpenoids, and phenylpropanoids, with mono- and sesquiterpenes being the
predominant classes [6]. Various conventional and advanced extraction methods were
previously carried out to obtain essential oils from plant materials, with hydrodistillation
being the oldest one; it is a simple procedure that uses the Clevenger apparatus. In this
method, the plant material is immersed in water in a round-bottom flask and boiled. The
volatile compounds pass through a condenser and then enter a separator, where the
volatile oil is separated from the water. This method is still applied nowadays for essential
oil extraction, even if other advanced techniques, with higher extraction yields, lower
costs, and reduced extraction time, are available, such as supercritical fluid extraction or
solvent-free microwave extraction [7,8].

EOs are well-known for their antioxidant, antimicrobial, anticancer, and anti-
inflammatory properties [9]. Biological effects are mainly attributed to predominant
components, but even minor components can influence biological activity by additive or
antagonistic effects [6]. Due especially to their phenolic content, EOs are involved in
combating oxidative stress, which is one of the causes of neurodegenerative diseases [10].
Moreover, in the context of increasing bacterial resistance to antibiotics, previous studies
have demonstrated that, due to their antibacterial effect, essential oils could be a suitable
alternative therapy for infections with resistant pathogens [11].

EOs and their constituents are generally considered safe when used in adequate
amounts. However, some monoterpenes are harmful, especially in high doses [12].
Previous studies have already assessed the toxicity of volatile oils and plant extracts
against a Drosophila melanogaster model system [13-17]. Drosophila melanogaster (fruit fly)
is a versatile organism used for more than 100 years in science, having about 75% of its
disease-related genes similar to humans, which presents many advantages compared to
vertebrates. It has a short life cycle with four stages (egg, larva, pupa, and fly) and a high
reproductive rate; it is also cost-effective and has fewer ethical and safety restrictions [18].

Achillea millefolium L. (yarrow) is a medicinal plant species belonging to the
Asteraceae family. It has a long history of use in European traditional medicine with
respect to alleviating bleedings, inflammations, and gastrointestinal and skin disorders
[19]. This plant contains essential oils (including chamazulene [20-23], 3-pinene [20,21,24],
caryophyllene [21,23], gremacrene-D [20,23], 1,8-cineole [20-22,24-28], sabinene
[21,25,26], camphor [22,24,26,27], and borneol [22,28,29] as major constituents) and
polyphenolic compounds [20]. Some pharmacological effects of A. millefolium L. essential
oils, including antioxidant [24,25,30] and antimicrobial [24,27,29] properties, have been
demonstrated.

Mentha longifolia L. (wild mint) is a medicinal and aromatic plant from the Lamiaceae
family. It is known in traditional medicine for ameliorating respiratory, digestive, and
skin conditions [31]. M. longifolia contains essential oils (with pulegone [32-34], piperitone
oxide [34,35], 3-caryophyllene [33], (-)-germacrene D [36], 1,8-cineole [32], 1-menthone,
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camphor [34], and carvone [37] among dominant components), phenolic compounds,
phytosterols, and fatty acids [31]. Some of the biological effects of M. longifolia L. essential
oil have been reported in the literature, such as antioxidant [36,37], antimicrobial [36-38],
anti-inflammatory, and antispasmodic effects [31].

Thymus serpyllum L. (wild thyme) is a perennial medicinal shrub from the Lamiaceae
family. In traditional medicine, wild thyme is used to alleviate gastrointestinal and
respiratory ailments [39—41]. T. serpyllum L. contains volatile oils (rich in thymol [42-46],
carvacrol [47,48], methyl carvacrol [47], and 1,8-cineole [48], among other constituents),
phenol carboxylic acids, and flavonoids [39-41]. T. serpyllum L. volatile oil has
antimicrobial [27,49-52], antioxidant [43,49,50], and anticancer [50,53] effects.

To the best of our knowledge, there are few studies in the literature that have
investigated the chemical composition and antimicrobial and antioxidant activities of the
volatile oils extracted from these three species, harvested from Romania. Furthermore, no
previous studies have assessed the in vivo toxicity of A. millefolium L., M. longifolia L., and
T. serpyllum L. essential oils against Drosophila melanogaster. The aim of this study was to
analyze the chemical composition, antioxidant and antibacterial activities, as well as
toxicity against Drosophila melanogaster of the volatile oils extracted from Achillea
millefolium L., Mentha longifolia L., and Thymus serpyllum L. collected from the
mountainous wild flora of Sibiu County, Romania.

2. Results and Discussion
2.1. Volatile Oil Extraction Yields and Organoleptic Analysis

Volatile oils were extracted by hydrodistillation from the aerial parts of A. millefolium
L., M. longifolia L., and T. serpyllum L. The mean values of extraction yields and
organoleptic properties of the essential oils analyzed in this study are presented in Table
1. Extraction yields varied by plant species, with M. longifolia L. containing the highest
amount of volatile oil, followed by T. serpyllum L. and A. millefolium L.

Table 1. Extraction yields and organoleptic properties of volatile oils.

Mean Value of

Extraction Yield +
Plant P leptic P ti
ant Part Standard Deviation Organoleptic Properties

(Y%v/w)

Achillea millefolium L. dark blue liquid with a characteristic
. 0.31 £0.04
aerial part strong smell

Mentha longifolia L. yellowish liquid with a characteristic
: 0.90 +0.65
aerial part strong smell
Thymus .serpyllum L. 043 +0.23 clear, yell.ovy liquid with a
aerial part characteristic strong smell

Where, v—volume in mL; w—dry weight in g.

The results are in accordance with the provisions of the European Pharmacopoeia,
10th Edition, for T. serpyllum L. and A. millefolium L., which stipulates a minimum content
of 3 mL/kg for T. serpyllum L. essential oil extracted from dried flowering aerial parts
(Serpylli herba) and 2 mL/kg for A. millefolium L. essential oil extracted from dried
flowering tops (Millefolii herba) [54,55]. Also, the extraction yield is in accordance with the
Romanian Pharmacopoeia, Xth Edition, which stipulates a minimum content of 0.2%, m/v,
for A. millefolium L. inflorescences (Millefolii flos) [56].

The volatile oil content of A. millefolium L. obtained in the present study is consistent
with the findings of other researchers, who reported a volatile oil content of between 0.068
and 1.16% in various plant parts collected from different geographical areas [23,26-30,57-
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60]. Other studies reported similar volatile oil content in A. millefolium L. collected from
Sélaj County, Romania (dry inflorescences) [20], Iran (aerial part at flowering stage) [22],
India (fresh flowers collected at an altitude of 1700 m) [25], Saudi Arabia (leaves) [57], and
Samara region, Russia (full flowering herb) [21]. Higher content was reported in A.
millefolium L. from the Apuseni Mountains and Western Plain of Romania (vegetal parts)
[58] and Saudi Arabia (aerial parts and stems) [57], while A. millefolium L. from the hill
area of Romania (fresh flowers) [59], Canada (flowers and leaves) [60], Bosnia and
Herzegovina (full flowering stage) [30], Serbia (aerial parts) [27,29], Dagestan (aerial parts)
[28], and the United States of America (inflorescences) [26] had a lower essential oil
content. In accordance with our observations, other researchers reported a dark blue color
for A. millefolium L. volatile oil due to its high chamazulene content [20], while others
observed a yellow color [25,28,30].

The volatile oil content of M. longifolia L. reported in the scientific literature varied
between 0.20 and 3.6% [33-36,61,62], which is in accordance with the results of the present
study. Higher essential oil concentrations were found in M. longifolia L. collected from
Egypt [61] and South Algeria [62], while M. longifolia L. from Morocco [36], Saudi Arabia
[33], Turkey [34], and Pakistan [35] had lower volatile oil content. Other researchers
observed similar organoleptic properties for M. longifolia L. volatile oil [62].

T. serpyllum L. volatile oil content obtained in the present study is in accordance with
the findings of other studies, which reported extraction yields between 0.37 and 0.9%
[47,63,64]. As we expected, the volatile oil content obtained in this study is consistent with
that reported for T. serpyllum L. collected from different regions of Transylvania, which
varied between 0.38 and 0.50% [47]. Higher extractions yields were obtained for T.
serpyllum L. collected from different Carpathians regions in Ukraine, which varied
according to microclimatic conditions [63].

Apart from the plant harvesting area, the plant part and humidity could also impact
the extraction yield. Higher volatile oil content was found in stems of A. millefolium L. than
in roots, leaves, and flowers [58]. The volatile oil content extracted from fresh flowers of
A. millefolium L. collected from the hill area of Romania was only 0.15% [59]. Also, the
extraction yield was lower (0.20%) for fresh aerial parts of M. longifolia L. from Saudi
Arabia [33] than the volatile oil content in dried aerial parts investigated in the present
study.

2.2. Chemical Composition of the Volatile Oils

Gas Chromatography-Mass Spectrometry (GC-MS) analysis was performed to
establish the chemical composition of the studied essential oil. Twenty compounds were
identified in the volatile oil of A. millefolium L., representing 99.92% of the total volatile
components. The GC-MS chromatogram can be found in the Supplementary Materials
(Figure S1). Chamazulene (49.72%) was the most abundant constituent. Other
predominant compounds, with a concentration over 4%, were: eucalyptol (or 1,8-cineole),
B-pinene, germacrene D, sabinene, and caryophyllene. Some volatile constituents were
identified in lower concentrations (Table 2).

Table 2. Chemical composition of Achillea millefolium L. volatile oil.

No. Compound RT Yo Area
(Mean Value + Standard Deviation)
1 a-pinene 12.675 1.09+0.11
2 sabinene 14.101 4.24+0.14
3 B-pinene 14.244 7.00 £0.21
4 [-mircene 14.487 0.62+0.10
5 1,3,8-p-menthatriene 16.022 1.35+0.12
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6 eucalyptol (1,8-cineole) 16.182 9.64 £ 0.18
7 Y-terpinene 16.898 1.07 £0.20
8 trans-chrysanthemol 20.036 1.19+0.15
9 camphor 20.253 1.01+0.34
10 pinocarvone 20.747 0.46+0.14
11 terpinen-4-ol 21.090 1.68 £ 0.15
12 a-terpineol 21.580 2.79+0.17
13 cis-myrtanol 23.231 3.83£0.15
14 thymol 24.610 1.50 +0.10
15 caryophyllene 27.259 412 £0.11
16 humulene 28.256 0.50+0.05
17 germacrene D 28.911 4.69 £0.11
18 nerolidol 30.645 0.58 £0.12
19 caryophyllene oxide 31.802 2.84+£0.12
20 chamazulene 35.500 49.72 £ 0.24

Total 99.92

Unidentified volatile constituents 0.08

RT: retention time; the text in bold highlights the oilé major constituents, with a concentration

exceeding 4%.

The composition of the volatile oil of A. millefolium L. is influenced by the plantes
ploidy level. Diploid and tetraploid plants contain mainly proazulenes which are
converted to chamazulene during the heating process. Moreover, tetraploid plants contain
a-pinene, 3-pinene, and cariophyllene. In hexaploid plants, camphor, sabinene, 1,8-cineol,
and [P-pinene are the main constituents, but these types do not contain azulene
sesquiterpenes. In octaploid plants, linalool is the major constituent [65]. Based on the
above-mentioned information, we identified the A. millefolium L. investigated in this study
as a tetraploid species.

A high amount of chamazulene is a feature of essential oil extracted from A.
millefolium L. harvested from Romania. Its concentration varies by the part of the plant
used for extraction, plant harvesting area and period of harvesting [20,23,58]. Previous
studies reported that yarrow stems collected from the Apuseni Mountains and Western
Plain of Romania contained a high amount of chamazulene (45.79%), followed by roots
(33.82%) collected in the same area [58], and inflorescences (25.26%) collected from Salaj
County, Romania [20]. Regarding harvesting period, other researchers found that in 2022,
the chamazulene content of A. millefolium L. collected from Mures County, Romania, was
higher (25.37%) than in 2021 (21.97%) [23]. However, chamazulene was absent in some A.
millefolium L. essential oils [59]. A previous review highlighted that chamazulene is a
bicyclic hydrocarbon derived from azulene, with antibacterial, antiallergic, and anti-
inflammatory effects [66].

The results are consistent with those of another study that reported {-pinene
(32.11%), trans-caryophyllene (9.15%), eucalyptol (6.58%), and germacrene D (5.59%) as
the main constituents of A. millefolium L. volatile oil [20]. In contrast with our findings,
other studies reported higher germacrene D, caryophyllene [23], camphor, and eucalyptol
in the volatile oil from A. millefolium L., while -pinene, germacrene D, sabinene, and
caryophyllene were not reported [59]. According to a previous review, eucalyptol, also
called 1,8-cineole, has anti-hypertensive, antimicrobial, anti-inflammatory, and anti-
nociceptive effects. It demonstrated valuable properties in respiratory disorders, such as
asthma and chronic obstructive pulmonary disease [67]. B-pinene in combination with
paclitaxel proved to have a synergistic cytotoxic effect against non-small cell lung cancer
cell lines [68]. B-pinene, germacrene D, and (-caryophyllene exhibit antimicrobial and
antioxidant activities [69].

https://doi.org/10.3390/ph19081293
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The volatile oil of A. millefolium L. collected from Turkey had a different composition,
with the following major constituents: 1,8-cineole (75.19%), a-phellandrene (5.53%), P-
eugenol (5.53%), camphor (5.45%), a-terpineol (2.09%), p-pinene (1.66%), camphene
(1.20%), and a-pinene (1.02%) [24]. Monoterpenoids such as 1,8-cineole, (-)-0-cadinol,
camphor, a-thujone, and borneol predominated in the composition of the oil extracted
from A. millefolium L. aerial parts collected from Dagestan [28], while oxygenated
sesquiterpenes, with elemol being the major component of this oil, predominated in the
volatile oil of A. millefolium L. collected from Bosnia and Herzegovina [30].

Twenty-two compounds were identified in the volatile oil of Mentha longifolia L.,
representing 99.33% of the total volatile components. The GC-MS chromatogram can be
found in the Supplementary Materials (Figure S2). Pulegone (36.20%) was the most
abundant constituent. Other major compounds were cis-menthone (17.89%),
caryophyllene (9.56%), piperitone oxide (9.21%), germacrene D (5.29%), isomenthone
(4.52%) and 2,6-dimethyl hydroquinone (4.10%). Some volatile constituents were
identified in lower concentrations (Table 3).

Table 3. Chemical composition of Mentha longifolia L. volatile oil.

No. Compound RT % Area
(Mean Value * Standard Deviation)
1 a-pinene 12.675 0.22+0.04
2 [-phellandrene 14.093 0.17 £ 0.06
3 [-pinene 14.257 0.31+0.12
4 [p-myrcene 14.487 0.30+0.11
5 1,3,8-p-menthatriene 16.022 1.00 +£0.31
6 eucalyptol (1,8-cineole) 16.182 1.48 £0.09
7 Y-terpinene 16.898 0.14 £ 0.08
8 cis-menthone 20.427 17.89 + 0.32
9 isomenthone 20.669 4,52 +0.29
10 trans-menthone 21.203 0.47 +0.13
11 a-terpineol 21.588 0.24 £ 0.07
12 pulegone 23.010 36.20 = 0.34
13 ascaridole 23.292 3.61+0.15
14 piperitone oxide 23.470 9.21 £ 0.18
15 dihydroedulan II 23.916 0.67 £0.12
16 thymol 24.285 0.84+0.12
17 2,6-dimethyl hydroquinone 26.570 4.10 +0.22
18 caryophyllene 27.272 9.56 +0.20
19 humulene 28.256 0.36 +0.04
20 germacrene D 28.919 5.29 +0.15
21 epizonarene 29.626 0.23 £0.06
22 caryophyllene oxide 31.807 2.49+0.11
Total 99.33
Unidentified volatile constituents 0.67

RT: retention time; the text in bold highlights the oiles major constituents, with a concentration

exceeding 4%.

The results are aligned with those of other studies in the literature, which reported
high pulegone content in the essential oil of M. longifolia L. harvested from Iran (49.20%)
[70], South Algeria (31.85%) [62], and Egypt (28.60%) [61].The essential oil of M. longifolia
L. collected from Saudi Arabia contained higher pulegone content (82.02%) [33], while its
content was lower in the essential oil of M. longifolia L. harvested from other habitats in
Iran (17.53%) [70], Turkey (12.47%) [34], and Pakistan (12.20%) [35]. Pulegone is a
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monoterpene ketone, isolated for the first time from Mentha pulegium L. This compound
exerts various biological effects, including antimicrobial, antipyretic, and antihistaminic
effects [71].

Studies that have investigated the chemical composition of the volatile oil of M.
longifolia L. harvested from Romania are limited. Higher piperitone oxide (36.74%) and 3-
myrcene (7.38%) content was found in the aerial parts of M. longifolia L. collected in the
vegetative stage from Vaslui County, Romania [72]. Previous studies reported greater
piperitone oxide content in the volatile oil of M. longifolia L. collected from Morocco
(53.43%) [36], Pakistan (33.90%) [35], and Turkey (15.55%) [34].

Higher amounts of caryophyllene (20.02%) and (-) germacrene D (16.53%) were
found in the volatile oil of M. longifolia L. collected from Morocco [36]. Eucalyptol content
varies widely in the volatile oil of M. longifolia L., ranging between 2.41 and 24.4%
[61,70,73]. Almost identical eucalyptol content was reported in the volatile oil of M.
longifolia collected from South Algeria (5.72%) [62] and Turkey (5.73%) [34]. Some studies
reported greater amounts of isomenthone in M. longifolia L. volatile oil [61,62]. Other
volatile constituents from M. longifolia L. volatile oil were quantified, including menthone,
piperitenone, piperitenone oxide [70], carvone [62], and camphor [34].

Twenty-one compounds were identified in the volatile oil of Thymus serpyllum L.,
representing 99.61% of the total volatile components. The GC-MS chromatogram can be
found in the Supplementary Materials (Figure S3). Thymol (42.11%) was the most
abundant compound. Other predominant compounds were p-cymene (16.34%), v-
terpinene (10.97%), carvacrol (8.71%), methyl carvacrol (6.03%) and methyl thymol
(4.45%). Some volatile constituents were identified in lower concentrations (Table 4).

Table 4. Chemical composition of Thymus serpyllum L. volatile oil.

No. Compound RT %o Area
(Mean Value * Standard Deviation)
1 2-thujene 12.411 0.73+£0.12
2 a-pinene 12.671 0.48+0.13
3 camphene 13.312 0.29 +0.06
4 B-pinene 14.253 0.17 +0.07
5 1-octen-3-ol 14.583 0.59 £ 0.06
6 [-phellandrene 15.203 0.38 £0.10
7 terpinolene 15.541 146 +£0.12
8 p-cymene 16.065 16.34 £0.21
9 eucalyptol (1,8-cineole) 16.178 0.30 £ 0.06
10 Y-terpinene 16.937 10.97 £ 0.11
11 linalool 18.315 0.19 +0.07
12 endo-borneol 20.856 0.27 £0.04
13 terpinen-4-ol 21.086 0.41£0.09
14 methyl thymol 22.495 4.45+0.11
15 methyl carvacrol 22.520 6.03 £ 0.10
16 thymol 24.367 42.11+0.39
17 carvacrol 24.701 8.71+0.20
18 caryophyllene 27.259 3.15+0.12
19 [-bisabolene 29.236 1.73+0.16
20 t-cadinol 29.630 0.30 £ 0.06
21 caryophyllene oxide 31.802 0.55+0.10
Total 99.61
Unidentified volatile constituents 0.39
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RT: retention time; the text in bold highlights the oilé major constituents, with a concentration

exceeding 4%.

The results are consistent with the findings of other studies in the literature, which
reported thymol as the main volatile compound in the essential oil of T. serpyllum L.
harvested from Turkey (41.03%) [42] and T. serpyllum L. with a European origin (47.31%)
[43]. Previous studies reported higher thymol content (52.56%) in the volatile oil of T.
serpyllum L. collected from Ukraine [46] and lower thymol content (10.54%) in the volatile
oil of T. serpyllum L. from Morocco [49]. Thymol is a natural compound that has been
highly researched as a result of its anti-inflammatory and wound healing effects. Due to
its anti-inflammatory activity, the compound could be suitable for the improvement of
many respiratory, digestive, cardiovascular, and skin disorders [74]. Among other effects,
the antioxidant and antimicrobial properties of thymol are well documented [75].

Despite our results, other researchers observed that T. serpyllum L. harvested from
different Transylvanian regions contained higher amounts of carvacrol than thymol
[47,48]. Also, greater carvacrol amounts were reported in the essential oil of T. serpyllum
L. from Turkey (33.59%) [42] and Algeria (66.00%) [76]. Carvacrol exerts numerous health
benefits, including antioxidant, antimicrobial, anti-inflammatory, anticancer, antidiabetic,
and cardio-/hepato-/neuro-protective effects [77].

Contrary to those mentioned above, in some T. serpyllum L. volatile oils, thymol and
carvacrol were not major compounds; geraniol (63.40%) and nerol (18.90%) were the main
volatile constituents in the essential oil of T. serpyllum L. collected from Serbia. The authors
concluded that T. serpyllum L. investigated in their study belonged to the geraniol
chemotype [27]. Thus, the plants growing location influences the composition of its
volatile oil.

Similar p-cymene content (18.97%) was detected in the volatile oil extracted from T.
serpyllum L. collected from the Nasdud area (Bistrita-Nasaud County, Romania), but lower
p-cymene content was detected in the essential oil of T. serpyllum L. from the Mociu area
(Cluj County, Romania) and Tamadsesti area (Maramures County, Romania) [47].
Numerous pharmacological effects of p-cymene have been demonstrated, such as
antioxidant, antimicrobial, anti-inflammatory, analgesic, anticancer, and antidiabetic
effects [78]. The concentration of y-terpinene was lower in the samples from Mociu,
Tamasesti and Nasaud areas. Similar caryophyllene (3.17-4.83%) and higher methyl
carvacrol (8.81-13.35%) and [-bysabolene (3.42-5.18) amounts were reported [47].
Recently, y-terpinene was reported to ameliorate neuropathic pain of tumor origin in an
animal model [79]. Compared to our results, the volatile oil of T. serpyllum L. collected
from the Medicinal Plant Garden of the University of Medicine and Pharmacy in Targu
Mures, Romania, had higher amounts of p-cymene (25.00%), 1,8-cineole (9.50%), and
methyl carvacrolether (11.10%), but lower y-terpinene (0.30%) and methyl thymolether
(0.20%) content [48].

The chemical composition of volatile oils is highly influenced by plant harvesting
time, storage conditions and duration [80], plant organ [57], extraction method [57,81],
pre-extraction treatment [82], genetic factors [65], and geographic origin of the plant [47].
Differences in the composition of volatile oils will inevitably influence their biological
effects [57,81].

The high chamazulene, pulegone, and thymol content of the analyzed volatile oils
led to concerns regarding the safety of these products. Therefore, an analysis of the
literature showed that thymol, even if it is generally considered as a safe compound, may
exhibit toxic effects [83]. It was implicated in dermatitis and allergic reactions. To avoid
its toxicity, when used orally, thyme is recommended in a daily dose of lower than 10 g
of dried leaves with a thymol concentration of 0.03% [84].
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A major concern regarding the toxicity of pulegone is a carcinogenic risk that was
observed in animal model studies. This compound was reported to cause urinary bladder
cancer in female rats and liver cancer in mice of both sexes. Also, pulegone consumption
might lead to bone cancer in female mice [85]. The toxic effect may be attributed to the
metabolites of pulegone that occur after oral administration, such as menthofuran and 8-
pulegone aldehyde, which are more toxic than pulegone [12]. However, a previous study
revealed that pulegone is more toxic than menthofuran in human liver slices [86].

Regarding chamazulene, an in silico study predicted that although it is capable of
crossing the blood-brain barrier, its toxicity with respect to different organs, including
liver, kidney, heart, and respiratory tract, was not revealed. Moreover, no toxic
immunological, mutagenic, or cytotoxic effects were predicted [87].

2.3. Antioxidant Capacity

The present study investigated the antioxidant potential of three essential oils
extracted from the dried aerial parts of A. millefolium L., M. longifolia L., and T. serpyllum
by 2,2-diphenyl-1-picrylhydrazyl (DPPH), 2,2"-azinobis [3-ethylbenzothiazoline-6-
sulfonic acid]-diammonium salt (ABTS), and ferric-reducing antioxidant power (FRAP)
methods. As we expected, the antioxidant capacity ranking of volatile oils varies
depending on the test performed. Results demonstrated that T. serpyllum L. essential oil
exerted the strongest DPPH free radical scavenging potential, followed by M. longifolia L.
and A. millefolium L. volatile oils (Table 5). All three tested volatile oils possess lower
DPPH inhibition activity compared to the ascorbic acid used as a standard antioxidant
compound. Similar to the DPPH assay, T. serpyllum L. volatile oil was found to be the most
effective in the ABTS test, followed by A. millefolium L. volatile oil. M. longifolia L. essential
oil demonstrated a very low antioxidant activity in the ABTS assay. In the case of the
FRAP assay, A. millefolium L. volatile oil demonstrated the highest antioxidant capacity,
followed by T. serpyllum L. and M. longifolia L. essential oils.

Table 5. Antioxidant potential of Achillea millefolium L., Mentha longifolia L., and Thymus serpyllum
L.

Assay
Sample RSA ABTS FRAP
(%) (mmol TE/mL EO) (umol TE/mL EO)

A. millefolium L. 87.87+0.34 2 0.83+0.602 66.70 £ 0.54 2

M. longifolia L. 96.13 +0.46° 0.04+0.012 18.10+0.452

T. serpyllum L. 98.19+0.57 ¢ 1.82+0.072 29.84 +0.51 2
Ascorbic acid 100+ 0.42 4% 21.45+1.53 b. mm'ol TE/g  20.07 + 1.09b.mm'ol TE/g

ascorbic acid ascorbic acid

RSA: DPPHe radical scavenging activity; ABTS: ABTSe+ radical cation scavenging assay; FRAP:
ferric-reducing antioxidant power; TE: Trolox equivalent; EO: essential oil; *: ascorbic acid solution
1 mg/mL. Experiments were performed in triplicate (n = 3) and results were expressed as the mean
+ standard deviation (SD). Values from the same column followed by different letters are

significantly different (p <0.05).

Different rankings of the antioxidant activities of volatile oils tested by DPPH, ABTS
and FRAP assays can be attributed to the different mechanisms of each test. Specifically,
both DPPH and ABTS methods are based on free radical scavenging. In these tests, the
antioxidant effect can be produced by electron transfer and/or hydrogen atom transfer
[88,89]. The FRAP assay is based on the reduction of Fe3* to Fe?, in acidic solution, at a pH
of 3.6 [90] to facilitate iron dissolution. In the FRAP assay only electron transfer is
implicated. Due to the fact that the FRAP assay does not involve hydrogen atom transfer,
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sometimes this method is not well correlated with other antioxidant tests. To investigate
the antioxidant mechanism of a compound, it is recommended to conduct a FRAP assay
along with other tests [91]. Different antioxidant compounds can be tested in the above
mentioned tests, based on their polarity. Thus, lipophilic compounds are generally more
active in DPPH assays because the DPPH radical is soluble in organic polar solvents [89].
In the case of ABTS tests, both hydrophilic and lipophilic compounds react [92]. Only
hydrophilic antioxidants react in FRAP assays [89].

The higher DPPH and ABTS free radical scavenging activity of T. serpyllym L. volatile
oil observed in our study can be attributed to high amounts of phenolic compounds,
thymol and carvacrol. Phenolic compounds are well-known bioactive compounds that
react, especially in DPPH assays [88]. Previous studies reported that thymol and carvacrol
inhibited DPPH free radicals in a dose-dependent manner and suggested that this was a
result of the hydrogen atom transfer mechanism [93,94]. Al-Mansori et al. (2020) observed
that carvacrol was more effective in ABTS free radical scavenging as compared with
thymol. The 1:1 mixture of thymol and carvacrol demonstrated a higher ABTS scavenging
activity as compared with thymol alone [94]. Rua et al. (2019) reported that both thymol
and carvacrol inhibited ABTS radicals in a dose-dependent manner. Furthermore, they
observed that the combination of these compounds at lower concentrations exerted an
additive effect, while mixtures in which both or only one of the components is in a higher
concentration demonstrated an antagonistic effect [95]. Other studies also reported the
reducing power of thymol and carvacrol [93,94].

The results are consistent with those of another study that demonstrated strong
DPPH radical scavenging activity for the volatile oil of T. serpyllum L. collected from
different locations in Transylvania [47]. Our findings are aligned with the results of
previous studies which reported that T. serpyllum L. volatile oil, with thymol as the main
constituent, inhibited the DPPH free radical [96,97]. Ouedrhiri et al. (2021) reported strong
DPPH inhibition for the volatile oil of T. serpyllum L., with p-cymene, y-terpinene, and
thymol as major constituents [98]. Salaria et al. (2023) and Al-Mijalli et al. (2025) reported
that T. serpyllum L. volatile oils exerted scavenging activity against both DPPH and ABTS
radicals, as well as a reducing effect demonstrated by a FRAP assay [49,99]. Kulisic et al.
(2005) found that T. serpyllum L. volatile oil, at 2 g/L, inhibited the DPPH free radical by
82%. Interestingly, only the polar fraction of this oil, in which carvacrol and thymol were
the main constituents, exerted an antioxidant effect against the DPPH free radical. These
findings support the idea that DPPH radical scavenging activity is attributed to hydroxyl
groups (— OH) from the chemical structure of the compounds existing in the volatile oil.
Similar to our results, Kulisic et al. (2005) demonstrated that T. serpyllum L. volatile oil had
a lower DPPH radical scavenging activity than ascorbic acid [100]. Hussain et al. (2013)
observed that T. serpyllum L. volatile oil, in which the main constituents were carvacrol, o-
cymene, a-terpineol, a-pinene and [3-caryophyllene, inhibited the DPPH free radical more
effectively than carvacrol alone [101].

The high chamazulene content of A. millefolium L. volatile oil could explain the low
DPPH free radical scavenging effect and high reducing effect observed for this essential
oil. A previous study conducted by Capuzzo et al. (2014) demonstrated that chamazulene
isolated from chamomile essential oil has a strong reducing effect and does not react with
DPPH [102]. However, Firat et al. (2018) reported the DPPH free radical scavenging effect
of chamazulene isolated from chamomile volatile oil, with chamazulene being less active
than ascorbic acid [103]. The ABTS scavenging effect of A. millefolium L. essential oil
demonstrated in our study is supported by the observations of Capuzzo et al. (2014), who
reported that chamazulene possesses an ABTS radical scavenging effect [102].

Yildirim et al. (2023) demonstrated that A. millefolium L. volatile oil has ABTS radical
scavenging activity and supported the idea that camphor and borneol from the volatile
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oil are important for its antioxidant effect [24]. The results of our study are in accordance
with those obtained by Mohammed et al. (2023), who reported that the reducing power
of A. millefolium L. volatile oil, demonstrated by FRAP assay, is stronger than its ability to
scavenge DPPH free radicals [57]. Culum et al. (2022) reported a low antioxidant activity
for the essential oil extracted from A. millefolium L. harvested from Bosnia and
Herzegovina. However, our results are aligned with their observation that this volatile oil
is more effective in scavenge ABTS radicals than DPPH radicals [30]. Efremov and Zykova
(2022) reported a lower percentage of DPPH inhibition (52.8%) for the whole volatile oil
of A. millefolium L. [104].

Our observation that M. longifolia L. volatile oil is a weaker DPPH and ABTS inhibitor
than T. serpyllum L. volatile oil is aligned with the results of Torres-Martinez et al. (2018).
They reported that pulegone and menthone (the two main constituents of M. longifolia L.
essential oil investigated in the present study) are less effective as DPPH and ABTS free
radical scavengers than thymol (the most abundant compound from the T. serpyllum L.
essential oil tested in our study) [105]. Sharopov et al. (2014) also demonstrated that
menthone had a lower DPPH scavenging effect than the thymol, carvacrol, and -
terpinene constituents of T. serpyllum L. essential oil. In the ABTS assay, carvacrol, p-
cymene, linalool, y-terpinene, and thymol performed better than menthone. Stronger
DPPH inhibition of M. longifolia L. volatile oil as compared with A. millefolium L. volatile
oil can be attributed to the menthone content of M. longifolia L. Menthone demonstrated a
higher DPPH scavenging effect than camphor and (3-pinene, two constituents of A.
millefolium L. volatile oil. In an ABTS test, 1,8-cineole and 3-pinene, also present in the A.
millefolium L. volatile oil investigated in our study, were more effective than menthone
[106].

Niksi¢ et al. (2012) reported that M. longifolia L. volatile oil, with piperitone oxide
being the most abundant compound, dose-dependently inhibited DPPH free radicals by
45.22-98.50% [107]. Abdel-Gwad et al. (2022) also reported that M. longifolia L. volatile oil
inhibited the DPPH free radical, in a dose-dependent manner, by 35.52-65.82% [108].
Amar et al. (2025) proved the antioxidant activity of M. longifolia L. volatile oil by both
DPPH and FRAP assay [109]. Our results differ from those reported by Tourabi et al.
(2023), which observed that M. longifolia L. essential oil is more effective in scavenging
ABTS free radicals than DPPH free radicals. Since the oil analyzed by Tourabi et al. (2023)
contained higher amounts of piperitenone oxide, caryophyllene, and (-) germacrene D,
the difference in the radical scavenging activity can be explained by the variations in the
chemical composition of the volatile oils [36].

To sum up, the in vitro antioxidant effect of the analyzed volatile oils varied by their
chemical composition. The antioxidant effect is mainly attributed to the major volatile
constituents, but the minor compounds can also induce synergistic or antagonistic effects.
Essential oils also revealed various antioxidant capacities among different applied in vitro
tests.

Compared to the in vivo tests for evaluating antioxidant potential, the in vitro
evaluations present a number of limitations that are responsible for the differences
observed between the results from these two types of assays. One reason for the observed
differences is that the in vitro tests are based on simple, isolated chemical reactions which
do not allow for replication of the physiological conditions of a living organism.
Furthermore, the antioxidant effect is dependent on bioavailability as well as the
metabolic transformations the substance undergoes before reaching its site of action.
Nevertheless, in vitro methods enable a preliminary assessment of free radical scavenging
potential or reducing power, serving as rapid and cost-effective techniques [110].

2.4. Antibacterial Activity
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As the literature shows, there are many factors affecting the antibacterial action of
the EOs, with geographical location as a very important factor [111,112]. This observation
justifies the analysis of the EOs obtained from the plants presented in this research and
our attempt to compare the results with those obtained by using EOs from different
regions in Romania or elsewhere, as in the previous chapters.

Figure 1 presents the results obtained from analysis of the antibacterial action of the
essential oils on the pathogenic bacteria selected for this investigation. The type of EO
used affects the size of the inhibition zone. Thymus serpyllum L. has the most potent
essential oil, featuring exceptional activity against B. subtilis, E. coli, and P. mirabilis,
outperforming ampicillin and gentamicin, the standard antibiotics used here. Its powerful
antibacterial properties stem primarily from its high concentrations of phenolic
compounds, notably thymol and carvacrol [113], which were identified in high amounts
in the EO obtained in this research. The EO from Thymus serpyllum L. has proven in vitro
efficacy against both Gram-positive (e.g., B. subtilis) and Gram-negative (e.g., E. coli, P.
aeruginosa, S.a enteritidis) strains [113,114]. Only S. aureus and K. pneumoniae seem to be
resistant to the EO from Thymus serpyllum L, with this result being in accordance with a
study undertaken by Galovic¢ova et al. (2021) [113] for S. aureus. This result is not
consistent with other studies on commercial EO from Thymus species found on the
Romanian market, showing the importance of different factors, with the two most
important being the quantity of the EO used in the research found in the literature (10 pL
in most of the studies, double the amount we used) [115,116] and the plant species from
which the thyme oil was obtained (the EO from Thymus vulgaris behaves differently from
Thymus serpyllum [117]); most of the Romanian-origin EOs investigated were commercial,
having no clear provenance.

Previous studies demonstrated the synergistic effects of thymol and carvacrol
mixtures against E. coli [118], and of carvacrol and cymene against B. cereus [119]. In
another study, a mixture of carvacrol and thymol exhibited an additive effect against E.
coli and B. cereus [120]. The findings support the sensitivity of these pathogens to the action
of T. serpyllum L. essential oil. One of the antibacterial mechanisms of thymol and
carvacrol is the disintegration of the bacterial cell membrane (the lipophilicity of the two
compounds enables them to interact with the bacterial cell membrane, disrupting it and
leading to the release of compounds from the cell). Other possible mechanisms include
biofilm reduction, motility inhibition, inhibition of membrane adenosine triphosphatases,
and inhibition of efflux pumps [121].

The EO from Mentha longifolia L. displays resistance across most strains, with
intermediate action against both S. aureus and S. typhi; for S. aureus, the essential oil acts
as a bactericide by altering membrane permeability, disrupting cell wall integrity, and
interfering with amino acid metabolism [122]. There are studies which are not in
accordance with our results, such as that of [36], which indicates this EO as efficient
against P. aeruginosa, or that of [123], indicating it as efficient against E. coli, S. aureus and
B. subtilis. Regarding the antibacterial action of the EO obtained from Romanian Mentha
longifolia L. plants, studies from the literature seem to show similar results and indicate
this plant as producing an EO resistant to S. aureus and E. coli [124]. Similar observations
with respect to the case of the EO produced from Thymus serpyllum L. can be made, in
terms of the importance of the intensity of the antibacterial action of the EO from Mentha
longifolia L. arising from the quantity of the EO used in the analysis and origin of the plant
[36,125] or, in this case, the extraction method employed [81].

The EO from Achillea millefolium L. shows resistance to most of the studied bacteria,
with intermediate action recorded against S. typhi (Figure 1). Other similar studies showed
low to intermediate antibacterial action with respect to this EO, similar to our analyses
[24], even when the essential oil was used in a higher concentration (10 uL) [126]. As other
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research shows, the EO from Romanian Achillea millefolium L. plants seems to be not very
efficient against bacteria [127].

As Figure 1 shows, gentamicin is highly effective against all the tested Gram-positive
bacteria (S. aureus, B. subtilis, B. cereus), and ampicillin is highly effective against E. coli
and P. mirabilis but shows little to no activity against P. aeruginosa and K. pneumoniae. An
explanation as to why ampicillin is not efficient against P. aeruginosa is given by its low
outer membrane permeability, the presence of active efflux pumps, and the production of
specific antibiotic-inactivating enzymes like AmpC (3-lactamase [128]. No efficiency of
ampicillin is obtained against K. pneumonia, because the bacteria naturally produces a
constitutive chromosomal 8-lactamase enzyme known as SHV-1, which breaks down the
antibiotic [129].

Reaction to ampicillin

P. mirabilis

S. typhi @ Ampicillin

@Gentamicin
E. coli m Thymus serpyllum L. EO
u Mentha longifolia L. EO

K. pneumoniae Achillea millefolium L. EO

P. aeruginosa

B. cereus

B. subtilis

S. aureus

0.00 5460 10.00 115.00 : 20.00 25.00 30.00 35.00 40.00
Diameter | R H s
ofdises. ¢ Reactio‘n mgemar‘nicin <one-okInniitior mm
Figure 1. Antibacterial activity of the essential oils in terms of eight pathogenic bacteria and
antibiotics. The values in the graphic are the median values obtained from three experiments in
parallel. For the same microorganism, different letters after the bars indicate a significant difference

between the mean values (p < 0.05). R: resistant; I: intermediate; S: susceptible.

2.5. The Effect of Volatile Oils on the Viability of Drosophila Melanogaster

Considering that assessing the toxicity of essential oils is a crucial step required
before introducing such natural products in therapy, we conducted an in vivo experiment
to investigate the viability of fruit flies fed with a normal diet supplemented with A.
millefolium L., M. longifolia L., and T. serpyllum L. essential oils at different concentrations.
All Drosophila melanogaster individuals used for this test were the same age and had
identical genotypes and epigenomes. Since studies on human subjects are strongly
influenced by genetic and age variability, our study could be a starting point for the design
of clinical trials [13].

Our research demonstrated that Drosophila melanogaster reared on a normal diet
supplemented with 2.5 uL A. millefolium L. volatile oil per 4 mL of medium showed no
significant difference regarding larval survival rate compared to the control group (Figure
2). A significant decrease in larval survival rate was observed in the groups treated with
A. millefolium L. volatile oil at 5 and 10 uL per 4 mL of normal medium, the latter being
completely toxic. A significant decrease in the percentage of hatched adult flies in the
group treated with 2.5 uL per 4 mL of normal medium was observed compared to the
control, which suggested pupae mortality even at the lowest tested concentration. No
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hatched adult flies were observed in the groups treated with 5 and 10 uL of A. millefolium
L. volatile oil per 4 mL of normal medium.
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Figure 2. Larval survival and adult hatching rates in normal medium supplemented with A.

millefolium L. volatile oil. Different letters indicate a significant difference between means (p < 0.05).

Along with viability, developmental time of fruit flies was studied. A one-day delay
in the development of larvae to pupae and pupae to adult stages, respectively, was
observed in the group treated with 2.5 uL of A. millefolium L. volatile oil per 4 mL of
normal medium compared to the control group. In this case, the larval survival rate was
not affected, but a significant decrease in adult hatch rate compared to the control was
observed (Figure 3). Furthermore, at a concentration of 5 uL of volatile oil per 4 mL of
normal medium, a ten-day delay was found compared to the control, with the viability
decreasing from 45.75% in the control group to 3.50% in the tested group.
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Figure 3. Developmental time of Drosophila melanogaster in normal medium supplemented with
Achillea millefolium L. volatile oil.

Regarding chamazulene, the main constituent of A. millefolium L. volatile oil analyzed
in the present research, to our knowledge, no studies have been conducted to demonstrate
the toxic effect of this compound against Drosophila melanogaster. However, Zhang et al.
(2016) demonstrated the insecticidal effect of monoterpenes and their oxygenated
derivatives. They reported that some of the volatile constituents identified in A. millefolium
L. volatile oil investigated in our study, such as (-)-a-pinene, (-)-B-pinene, myrcene, y-
terpinene, a-terpineol, (+)-terpinen-4-ol, and 1,8-cineol, had toxic effects against Drosophila
melanogaster [130]. Therefore, these toxic effects could be attributed to the volatile oil
composition.

In the case of M. longifolia L. volatile oil, a significant decrease in the viability of larvae
and adult flies compared to the control was observed at all tested concentrations, with the
highest one causing total lethality (Figure 4).
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Figure 4. Larval survival and adult hatching rates in normal medium supplemented with Mentha

longifolia L. volatile oil. Different letters indicate a significant difference between means (p < 0.05).

Regarding developmental time, a normal diet supplemented with 5 uL of M. longifolia
L. volatile oil per 4 mL of medium caused a one-day delay in larvae to pupae
development, whereas 2.5 puL of M. longifolia L. volatile oil per 4 mL of medium did not
change the developmental time (Figure 5). Since viability was null at a concentration of 10
uL of M. longifolia L. volatile oil per 4 mL of nutritive medium, monitoring developmental
time was impossible in this case.
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Figure 5. Developmental time of Drosophila melanogaster in normal medium supplemented with
Mentha longifolia L. volatile oil.

A previous study conducted by Zhang et al. (2016) found that (+)-pulegone and (-)-
menthone, some of the major constituents of the M. longifolia L. volatile oil analyzed in the
present study, exerted toxic effects against Drosophila melanogaster, pulegone being the
second most toxic volatile oil component investigated in that study, after (+)-citronellal
[130].

The viability of Drosophila menanogaster treated with T. serpyllum L. volatile oil at
concentrations of 2.5 and 5 uL per 4 mL of normal medium showed no significant
differences compared to the viability of the control group (Figure 6). At a concentration of
10 puL of T. serpyllum L. volatile oil per 4 mL of normal medium both larval survival and
adult hatch rates were significantly decreased.

In the group of Drosophila melanogaster fed with normal diet supplemented with 2.5
uL of T. serpyllum L. volatile oil per 4 mL of normal medium, no delay in the development
of larvae and adult flies was observed (Figure 7). A one-day delay was recorded in the
development of larvae and adult flies at a concentration of 5 and 10 uL per 4 mL of normal
medium, with the exception of the group of adult flies fed with 10 uL of T. serpyllum L.
volatile oil per 4 mL of normal media, for which no difference in developmental time was
observed.
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Figure 6. Larval survival and adult hatching rates in normal medium supplemented with Thymus

serpyllum L. volatile oil. Different letters indicate a significant difference between means (p < 0.05).
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Figure 7. Developmental time of Drosophila melanogaster in normal medium supplemented with

Thymus serpyllum L. volatile oil.

Since thymol was the most abundant volatile compound in the T. serpyllum essential
oil analyzed in our study, it could be responsible for the toxic effect against Drosophila
melanogaster, because previous research conducted by Erdem Kucuk and Kaplan (2023)
demonstrated that thymol in concentrations ranging from 10 to 1000 mg/L negatively
impacts the survival rates of larvae, pupae and adult fruit flies, while extending the
developmental time. The authors associated the decreased survival rate of adult
individuals with reduced nutrient consumption after exposure to a concentration of 1000
mg thymol/L [131]. Sousa Silveira et al. (2020) also found that thymol and carvacrol,
another major constituent of T. serpyllum L. volatile oil investigated in the present study,
had significant toxic effect against Drosophila melanogaster and significantly affected the
locomotor function of fruit flies at concentrations of 31 pg thymol/mL and 30 pg
carvacrol/mL [132]. Similar results were reported by Zhang et al. (2016), who
demonstrated that oxygenated monoterpenes, such as thymol and carvacrol, exerted a
strong toxic effect against Drosophila melanogaster. They also observed that monoterpene
hydrocarbons, such as p-cymene and y-terpinene, exert toxic effects against fruit flies
[130]. Based on these findings, the toxic effect of T. serpyllum L. volatile oil could be
attributed to its major constituents, especially thymol and carvacrol, but other major and
minor constituents could also be involved.

The biological effects of volatile oils are often attributed to their major compounds.
However, given that essential oils are complex mixtures of various substances, it must be
highlighted that the effect may result from interactions between them—whether
synergistic, additive, or antagonistic [133]. Although numerous studies in the literature
have analyzed the toxicity of volatile oils against D. melanogaster, studies evaluating the
potential interactions of volatile oil components are limited. However, there are studies
that evaluated interactions between volatile oil components in other insects [134-136]. A
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previous study demonstrated that there are no significant differences between the toxicity
of Salvia fructicosa essential oil and mixtures of individual compounds (such as 1,8-cineol
in combination with tujone and 1,8-cineol in combination with camphor) in concentrations
relative to those in the volatile oil, both against D. melanogaster and B. oleae [134]. On the
other hand, many synergistic and additive interactions were observed between volatile
oils individual compounds when tested against Musca domestica and Spodoptera littoralis
[135,136]. Antagonistic interactions were also reported, such as in the case of mixtures of
pulegone and menthone [134], eugenol and thymol [135], and carvacrol and 1,8-cineol
[136]. It is worth noting that minor compounds also play a significant role in the
emergence of toxic effects, as observed with Salvia fructicosa and Mentha pulegium volatile
oils, which demonstrated stronger toxicity than binary mixtures of their major
compounds [134].

Considering the above mentioned results, all tested volatile oils in concentrations
ranging from 0.0625 to 0.25% demonstrated a dose-dependent decrease in the viability of
Drosophila melanogaster in different developmental stages (Figure 8). A. millefolium L.
volatile oil showed the most toxic effect against Drosophila melanogaster, followed by M.
longifolia L. and T. serpyllum L. essential oils. The highest tested concentration of 0.25% has
a significantly toxic effect, inducing total mortality of larvae and pupae in the groups fed
with A. millefolium L. and M. longifolia L. volatile oils, respectively. T. serpyllum L. volatile
oil at a concentration of 0.25% significantly decreased the larval survival rate to 23.5% and
adult hatch rate to 15.5%. At a concentration of 0.125%, A. millefolium L. essential oil was
the most toxic among the tested volatile oils, revealing a significant lower viability
compared to the control. Similar toxicity, but with slightly higher survival rates, was
observed for M. longifolia L. essential oil. In contrast to the first essential oils, the volatile
oil of T. serpyllum L. at 0.125% did not significantly influence larval survival and adult
hatch rates compared to the control. Interestingly, at a concentration of 0.0625%, A.
millefolium L. volatile oil showed the highest larval survival rate, followed by T. serpyllum
L. and M. longifolia L. volatile oils, the first two showing no difference compared to the
control group. Adult hatch rates at 0.0625% volatile oil increased in the following order:
A. millefolium L., M. longifolia L., and T. serpyllum L., with no significant difference being
observed between the latter and the control group.

65 - 60 -
50 o
40
30 -=-AM
20 ——ML

Larval Survival Rate (%)
Adult Hatch Rate (%)

0

[9
>0 0.1 0.2 03 o 0.1 0.2 0.3

Concentration (%v/v) Concentration (%v/v)

Figure 8. Comparative larval survival and adult hatching rates in normal medium supplemented
with Achillea millefolium L. (AM), Mentha longifolia L. (ML), and Thymus serpyllum L. (TS) volatile oils.
Data are presented as mean + SD (n = 4). Means representing the same volatile oil followed by

different letters are significantly different (p <0.05).

Compared to the results of our previous study, in which we assessed the viability
and developmental time of D. melanogaster fed with normal media supplemented with
different concentrations of A. millefolium L., M. longifolia L. and T. serpyllum L. aerial part
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extracts [137], we observed that for the volatile oils, the toxic effect occurred at lower
concentrations. This fact could be explained in relation to the compounds which were
quantified in the volatile oils and previously reported to exert toxic effects against fruit
flies, such as (—)-a-pinene, (-)-B-pinene, myrcene, y-terpinene, a-terpineol, (+)-terpinen-4-
ol, 1,8-cineole, (+)-pulegone, (-)-menthone [130], thymol [130-132], and carvacrol
[130,132].

To the best of our knowledge, this is the first study investigating the toxicity of A.
millefolium L., M. longifolia L., and T. serpyllum L. essential oils against Drosophila
melanogaster, making it impossible to compare our results with those obtained by other
researchers. However, our results are in accordance with those reported by Bernardes et
al. (2023), who studied the toxicity of Lavandula angustifolia, Zingiber officinale, and
Copaifera sp. against Drosophila melanogaster. They showed a dose-dependent decrease in
survival rates in Drosophila melanogaster fed with nutritive medium supplemented with
volatile oil concentrations ranging from 0.0625 to 0.5% (%v/v). Lifespan was shorter in the
group treated with 0.0625% Zingiber officinale essential oil compared to the control,
whereas 0.125% Lavandula angustifolia volatile oil extended lifespan by 12 days. Copaifera
sp. at 0.0625% did not influence the lifespan of Drosophila melanogaster [15]. Bouabida and
Dris (2022) also observed a dose-dependent increase in the mortality of Drosophila
melanogaster third instar larvae after 24, 42, and 72 h of exposure to Ruta graveolens volatile
oil [138]. Our results align with the observations of Miti¢ et al. (2022), who demonstrated
that exposure of Drosophila melanogaster to Abies sp. volatile oils at concentrations ranging
from 0.19 to 3% resulted in prolonged development time and reduced pupation and adult
individual emergence, mainly at a concentration of 3%. As we observed high pupae
mortality in the case of A. millefolium volatile oil, they reported that Abies cephalonica
volatile oil at a concentration of 3% led to the highest pupae mortality, with a lower
percentage of adult hatch rates than the percentage of pupation [14]. Similar to our results,
Aksakal et al. (2012) showed that the larval survival rate of Drosophila melanogaster
decreased in a dose-dependent manner when treated with Cymbocarpum erythraeum
volatile oil [139].

Many studies in the specialized literature have demonstrated the toxic effects of
essential oils on D. melanogaster without investigating the underlying mechanisms
[14,15,138,139]. Consistent with the results observed in the present study, R. officinalis L.
essential oil increased mortality among D. melanogaster larvae and adults while also
impairing their development. Evaluation of oxidative stress biomarkers revealed that
exposing fruit flies to R. officinalis L. essential oil induced a redox imbalance, increased
lipid peroxidation, reduced thiol levels and superoxide dismutase activity, and elevated
catalase and glutathione S-transferase activities. Given that certain predominant
compounds found in R. officinalis L. volatile oil (a-pinene, 3-pinene, 1,8-cineole, camphor,
and camphene) are also present in the essential oils analyzed in these studies, it is possible
that the toxic effect is mediated by this mechanism [140].

As compared to the control and the smallest concentration, in the group treated with
higher concentrations (0.125 and 0.25%), morphological abnormalities were observed,
such as incomplete development of body, legs, and head, and smaller and wrinkled
wings, which led to the inability to fly (Figure 9).

Similar to our observations, Bouabida and Dris (2022) also reported physical
abnormalities such as smaller pupae, incomplete pupation, and wrinkled wings in
Drosophila melanogaster fed with Ruta graveolens volatile oil [138]. In a previous study,
Khater (2021) reported deformities in Lucilia cuprina larvae, pupae, and adult flies
emerging after exposure to Mentha longifolia volatile oil at concentrations ranging from 0.5
to 7% [141].
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Figure 9. Volatile oil toxicity-induced morphological deformities in Drosophila melanogaster. AM:

Achillea millefolium L. volatile oil; ML: Mentha longifolia L. volatile oil; TS: Thymus serpyllum L. volatile

oil.

The results show that the tested volatile oils exerted both beneficial and toxic effects.
This study is a first step in a wider research plan which involves the development of a
pharmaceutical product containing plant extracts and volatile oils. At this stage, the safety
of the volatile oils is not guaranteed. Also, future investigations on other model organisms
and clinical studies are needed to establish efficient and safe doses for humans.

3. Materials and Methods
3.1. Chemicals and Reagents

Anhydrous sodium sulfate, hexane and high purity He were obtained from Merck
Romania SRL, Bucharest, Romania. Methanol, acetic acid, DPPH, and 2,4,6-tripyridyl-s-
triazine (TPTZ) were purchased from Sigma-Aldrich Company, St. Louis, USA. Potassium
persulfate, charcoal, agar powder, and saccharose were acquired from VWR Chemicals,
Leuven, Belgium. Sodium acetate, ferric chloride, hydrochloric acid, and ascorbic acid
were purchased from Chemical Company, lasi, Romania. Trolox, ABTS, and nipagin were
obtained from Thermo Fisher Scientific, Kandel, Germany.

Mueller-Hinton for producing the bacterial inocula and Mueller-Hinton agar for the
antimicrobial susceptibility tests (ASTs) were purchased from Merck Romania SRL,
Bucharest, Romania. ROTI®Antibiotic Discs Gentamycin (10 pg) for microbiology and
Oxo0id™ Ampicillin Antimicrobial Susceptibility discs (10 pg) were purchased from Carl
Roth GMBH, Karlsruhe-Miihlburg, Germany, and Thermo Fisher Scientific, Kandel,
Germany, respectively.

3.2. Plant Collection and Pre-Extraction Treatment

Aerial parts of aromatic plants included in this study were collected from unpolluted
mountainous areas of Sibiu County, Romania (Achillea millefolium L.—45°4120" N,
23°59'9” E, 1130 m; Mentha longifolia L.—45°41'22” N, 23°59'29” E, 1100 m; and Thymus
serpyllum L.—45°42'34” N, 24°1'33” E, 630 m), in July 2021. Identification of plant species
was performed according to “Vascular Plants of Romania, illustrated field guide” by
Sarbu et al. (2013) [142]. A voucher specimen for each plant (no. 101/2— A. millefolium L.,
no. 101/3—Mentha longifolia L., no. 101/4—Thymus serpyllum L.) was deposited at the
“Lucian Blaga” University of Sibiu, Romania, in the Faculty of Medicine, pharmacy
specialization. The collected plant products were shade-dried at room temperature,
preserved and protected from light in labeled paper bags until the time of extraction.
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Shredded aerial parts were kept in warm water for 12 h before extraction to promote
wetting of cells and to facilitate the release of oils during extraction.

3.3. Volatile Oils Extraction

Volatile oils were extracted from plant aerial parts by hydrodistillation in a neo-
Clevenger apparatus modified by Moritz. Each extraction took about 5 h. The method of
extraction was adapted according to the method described in the Romanian
Pharmacopoeia, Xth Edition [143]. All extractions were performed in triplicate. After
extraction, the volatile oils were kept in sealed brown glass vials, in the presence of
anhydrous sodium sulfate, to separate them from water. Then, they were refrigerated at
4 °C until analysis. The percentage of volatile oil content (VOC%) in each sample was

calculated according to Formula (1):

VOCY% = obtained volatile oil (mL) < 100 1
° T dried plant used (g) (1)

3.4. GC-MS Profiling of Volatile Components

The method for analysis of the chemical percentage composition of volatile
components was adapted after Paun et al. (2023) [144]. We used a gas chromatograph
equipped with a mass spectrometry system, Agilent type 7890A/5975/2008, manufactured
by Agilent Technologies, Inc. Europe, Waldbronn, Germany. A Phenomenex capillary
column, type HP5-MS, with the following characteristics was used: length —30 m; interior
diameter—0.25 mm; and thickness of stationary phase—0.25 um. The sample was
obtained by dissolving 10 uL of volatile oil in 1 mL of hexane. High purity He was used
as a carrier gas. A volume of 1 puL of the sample was injected into the inlet of the
chromatograph, set on ,scan” mode, at a constant temperature of 250 °C. The carrier-gas
flow rate was 1 mL/min. For the analysis, the temperature was kept at 40 °C during the
first minute. After that, the temperature increased by 5 °C/min until it reached 220 °C.
Then, the temperature increased by 20 °C/min until it reached 280 °C. The temperature
was held at 280 °C for 5 min. The NIST L14 library was used to identify the compounds
based on their retention time. All tests were performed in triplicate. The results were
expressed as a percentage of each volatile oil component from the total of identified
volatile compounds (%area).

3.5. Antioxidant Capacity
3.5.1. DPPH Assay

A DPPH radical scavenging activity assay was performed by spectrophotometric
method, using a Shimadzu 1900 UV-VIS spectrophotometer (Shimadzu, Kyoto, Japan).
The method was adapted after Tylkowski et al. [145]. A 25 ug/mL DPPH standard solution
was prepared, using methanol as a solvent. It was kept in a dark place for 2 h before the
procedure.

A volume of 60 pL of undiluted oil was mixed with 1940 pL of 25 pug/mL DPPH
solution. The absorbance of samples at 515 nm was recorded. A 1 mg/mL ascorbic acid
solution was used as a positive control.

For the calibration curve, solutions with concentrations ranging from 0.5 to 25 ug
DPPH/mL were prepared by diluting the stock solution with methanol and analyzed as
samples. The calibration curve was plotted.

The final concentration of DPPH (Cy), after it reacts with the sample, was calculated
using Formula (2):

)

where
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As is the absorbance of the sample;
i is the intercept of the calibration curve;
s is the slope of the calibration curve.
The results were expressed as a percentage of DPPH free radical scavenging activity
(RSA), which was determined by Equation (3):
C;—Cf
RSA (%) = ———x 100 )

4

where Ci is the DPPH concentration of the standard solution and Cr is the DPPH
concentration of the solution after it reacts with the sample, both expressed as pug/mL.
All tests were performed in triplicate.

3.5.2. ABTS Assay

An ABTS assay was performed by spectrophotometric method, using a Shimadzu
1900 UV-VIS spectrophotometer (Shimadzu, Kyoto, Japan). The method was adapted
after Vicas et al. (2015) [146]. A 7 mM ABTS and 2.45 mM potassium persulfate stock
solution was prepared and kept protected from light, at room temperature, for 16 h before
analysis. Then, the stock solution was diluted until its absorbance at 734 nm was 0.7 + 0.02.

A volume of 25 uL of the sample was mixed with 2.5 mL diluted stock solution and
vortexed for 30 s. After 1 min, its absorbance was measured at 734 nm. A 1 mg/mL ascorbic
acid solution was used as a positive control.

For the calibration curve, solutions with concentrations ranging from 0.125-2 mmol
Trolox/L were prepared and analyzed as samples. The calibration curve was plotted. The
results were expressed as mmol Trolox equivalent (TE)/mL volatile oil. All tests were
performed in triplicate.

3.5.3. FRAP Assay

An FRAP assay was performed by spectrophotometric method, using a Shimadzu
1900 UV-VIS spectrophotometer (Shimadzu, Kyoto, Japan). The method was adapted
after Vicas et al. (2015) [146]. A working solution consisted of 50 mL of 300 mM acetate
buffer with pH = 3.6, 5 mL of 20 mM FeCls solution, and 5 mL of 10 mM TPTZ solution
acidified with 0.15 mL of HCL

A volume of 100 pL of the sample was mixed with 500 uL of the working solution
and 2 mL of purified water, then kept in a dark place for an hour. The absorbance at 595
nm was recorded. A 1 mg/mL ascorbic acid solution was used as a positive control.

For the calibration curve, solutions with concentrations ranging from 0.15-0.5 pmol
Trolox/L were prepared and analyzed as samples. The calibration curve was plotted. The
results were expressed as pmol TE/mL volatile oil. All tests were performed in triplicate.

3.6. Antibacterial Activity

The selection of the pathogens was based on future possible applications of the EOs
in food [147] or in medicine [148,149]; in this respect, six foodborne pathogens
(Staphylococcus aureus ATCC 25923, Bacillus cereus ATCC 12600, Escherichia coli ATCC
11775, Salmonella typhi ATCC 1408, Proteus mirabilis ATCC 35659, and Pseudomonas
aeruginosa ATCC 27853) and two opportunistic bacteria in hospitals (Bacillus subtilis ATCC
6051 and Kiebsiella pneumoniae ATCC 43816) were chosen. Three of the bacteria were
Gram-positive (B. cereus, B. subtilis and S. aureus) and the other five Gram-negative (P.
aeruginosa, K. pneumoniae, E. coli, S. typhi and P. mirabilis).

The bacterial inocula were prepared as described in Georgescu et al. (2022) [150], by
cultivating pure cultures of pathogens into Mueller-Hinton at 37 °C for 48 h, followed by
the standardization of the suspensions to a 0.5 McFarland index.
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ASTs were done to measure the antimicrobial EOseability to inhibit the growth of
selected microorganisms. The antimicrobial activity of the essential oils was analyzed by
adapting the Kirby-Bauer disk diffusion method as presented in Georgescu et al. (2022)
[150] with the following modifications: The quantity of undiluted EOs used in the analyses
was 5 pL/ disc; a gentamicin 10 pg/disc and ampicillin 10 pg/disc were served as positive
standard controls for Gram-positive and Gram-negative bacteria. The Zones of Inhibition
(Z0OIs) around the discs, in millimeters, were measured by using the AxioVision Rel 4.8
measuring software (Carl Zeiss Microscopy GMBH) and a stereo microscope with Micro-
Cam 5.0 (Zeiss Stemi 508, Carl Zeiss Gottingen, Germany). ZOls were interpreted accord-
ing to the Clinical and Laboratory Standards Institute (CLSI) criteria, as follows:

e Ampicillin 10 pg/disc: Sensitive for ZOI 217 mm; intermediate for ZOI = 14-16 mm;
resistant for ZOI <13 mm;

¢  Gentamicin 10 pg/disc: Sensitive for ZOI 218 mm; intermediate for ZOI = 15-17 mm;
resistant for ZOI < 14 mm [151].

3.7. In Vivo Drosophila Melanogaster Viability Assessment

The volatile oils were tested according to a method adapted after Aleya et al. (2023)
[17]. To perform the experiment, a culture medium with normal saccharose content (nor-
mal medium) was prepared. An amount of 70 g of yeast paste was added to 1.2 L of water
and mixed until homogeneous. Next, 52 g of saccharose and 30 g of wheat flour were
added. The resulting mixture was brought to boil, under continuous stirring, after which
10 g of agar powder was added. It was boiled for 30 min under continuous stirring. After
cooling to 50 °C, 1 g nipagin was added and mixed until homogeneous.

Three concentrations of volatile oil were tested (0.0625, 0.125 and 0.25, %v/v). A vol-
ume of 4 mL of culture medium was added to the tubes, over which different volumes of
volatile oil (2.5, 5, and 10 uL, respectively) were pipetted. Contents of the tubes were
mixed with a spatula for homogenization. Tubes were left overnight to solidify the me-
dium. All experiments were performed in quadruplicate. Choosing of tested concentra-
tions was based on previous studies reported in the literature which analyzed the toxicity
of different volatile oils against Drosophila melanogaster. One of the studies conducted by
Bernardes et al. (2023) tested the toxicity of three essential oils against Drosophila melano-
gaster at concentrations ranging from 0.0625 to 0.5% [15], while Miti¢ et al. (2022) tested
the toxicity against Drosophila melanogaster of essential oils extracted from three coniferous
species at concentrations ranging from 0.19 to 3% [14].

Obtaining Drosophila melanogaster w"#" embryos was accomplished by placing about
200 5-day-old female and male individuals into an egg collector fixed over a Petri dish
with zero medium. This medium was prepared by mixing 1 g of charcoal with 1 g of agar
powder and 100 mL of distilled water. Distilled water was initially boiled, and then char-
coal and agar powder were successively added. The resulting mixture was boiled for 30 s
and then cooled to 45 °C. In the center of the plate, a spatula tip of yeast paste was added
to the surface of the medium. The Petri dish of the collector was changed every two hours.
The whole process was carried out at 25 °C, in controlled humidity conditions [17].

After solidification of the medium, 50 Drosophila melanogaster w# 0-2-h-old embryos
were added to each tube using fine tweezers. The new pupae and flies were counted daily
[17].

3.8. Statistical Analysis
The results are expressed as mean and standard deviation (SD). Statistical differences
between the means were evaluated by one-way ANOVA (Tukeye post hoc test). All sta-
tistical tests were computed using IBM SPSS Statistics, version 26 (IBM Corp., Armonk,
NY, USA).
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4. Conclusions

This research highlights the chemical composition, antimicrobial and antioxidant ac-
tivities, and toxicity against Drosophila melanogaster of three essential oils extracted from
aerial parts of A. millefolium L., M. longifolia L., and T. serpyllum L. These species had vari-
able volatile oil content (0.31% for A. millefolium L., 0.90% for M. longifolia L., and 0.43%
for T. serpyllun L). The most abundant compounds of A. millefolium L., M. longifolia L., and
T. serpyllum L. volatile oils were chamazulene (49.72%), pulegone (36.20%), and thymol
(42.11%), respectively.

All three volatile oils demonstrated antioxidant and antimicrobial properties, sug-
gesting their potential use in pharmaceutic, cosmetic, and food industries. T. serpyllum L.
essential oil exerted the highest free radical scavenging activity, inhibiting the DPPH free
radical by 98.19% and presenting a mean value of 1.82 mmol TE/mL EO in the ABTS test.
A. millefolium L. essential oil was the most active in the FRAP assay, with a mean value of
66.70 umol TE/mL EO. From the three types of plants harvested in the mountainous areas
of Sibiu County, Romania, T. serpyllum L. produced an EO which exhibited strong anti-
bacterial activity, rivaling standard antibiotics, on all tested bacteria, with the exception
of S. aureus and K. pneumoniae. The maximum diameter of the inhibition zone was 37 mm
for B. subtilis. The EO from M. longifolia L. showed resistance to intermediate action on the
bacteria, being the better performer against S. aureus (ZOI = 15.33) and S. typhi (ZOI =15
mm). The EO from A. millefolium L. demonstrated the weakest inhibitory effect, but with
an action comparable to the other EOs on S. typhi. From the pathogenic bacteria, S. typhi
showed the most sensitivity, whereas K. pneumoniae was resistant to all EOs.

A normal diet supplemented with A. millefolium L., M. longifolia L., and T. serpyllum
L. volatile oils leads to a dose-dependent decrease in the viability of both larvae and pupae
of Drosophila melanogaster. Moreover, morphological deformities were observed at higher
concentrations. However, further studies are needed to elucidate which of the volatile oil
components are responsible for the therapeutic and toxic effects and whether the effect
occurs as a result of synergistic or antagonistic actions. Although in vitro studies suggest
that volatile oils have antioxidant and antimicrobial properties, particular attention
should be paid to toxic effects. Further in vivo studies are needed to elucidate their bene-
fits and risks in humans before introducing them in therapy.

Supplementary Materials: The following supporting information can be downloaded at
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ure S3: Chromatogram of Thymus serpyllum L. essential oil.

Author Contributions: Conceptualization, L.-1.V., C.G., EM. and F.-G.G.; methodology, L.-I.V.,,
C.G,EM, MM.,, B.P, RN. and O.V.D,; software, L.-I.V., AF.,, M.M., B.P,, R.N. and N.A.P.; valida-
tion, M.T,, C.G,, AF, EM, O.V.D, M.-LM,, N.AP. and F.-G.G,; formal analysis, M.T., B.P., R.N,,
0O.V.D., M.-L M. and N.A.P; investigation, L.-I.V., A.F., EM., M.M.,, B.P. and R.N.; resources, A.F,,
EM., MM. and F.-G.G.; data curation, L.-L.V., AF.,, B.P.,, RN., M.T. and N.A.P.; writing—original
draft preparation, L.-L.V.,, M.T., M.M. and M.-L.M.; writing —review and editing, L.-I.V.,, M.T., C.G,,
O.V.D, M.-LM,, N.AP. and F.-G.G,; visualization, M.T., C.G., O.V.D., M.-L.M. and F.-G.G.; super-
vision, C.G., EM. and F.-G.G,; project administration, L.-1.V. and F.-G.G,; funding acquisition, M.T.,
C.G. and F.-G.G. All authors have read and agreed to the published version of the manuscript.

Funding: Project financed by Lucian Blaga University of Sibiu through research grant LBUS-IRG-
2024.

https://doi.org/10.3390/ph19081293



Pharmaceuticals 2026, 19, 1293 24 of 31

Institutional Review Board Statement: All animal experimental procedures in this study were ap-
proved by the Ethical Committee for the Welfare of Laboratory Animals, University of Debrecen
(Ethics review number DEMAB4/2021). Date of approval: 22 July 2021.

Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in this study are included in the

article/supplementary material. Further inquiries can be directed to the corresponding author(s).

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

Grand View Reserch Essential Oils Market Size, Share & Trends Analysis Report By Product (Orange, Cornmint, Eucalyptus),
By Application (Medical, Food & Beverages, Spa & Relaxation, Cleaning & Home), By Sales Channel (Direct Selling), By Region,
And Segment Forecasts, 2025-2033. Available online: https://www.grandviewresearch.com/industry-analysis/essential-oils-
market (accessed on 28 August 2025).

Bolouri, P.; Salami, R.; Kouhi, S.; Kordi, M.; Asgari Lajayer, B.; Hadian, J.; Astatkie, T. Applications of Essential Oils and Plant
Extracts in Different Industries. Molecules 2022, 27, 8999. https://doi.org/10.3390/molecules27248999.

Baptista-Silva, S.; Borges, S.; Ramos, O.L.; Pintado, M.; Sarmento, B. The Progress of Essential Oils as Potential Therapeutic
Agents: A Review. J. Essent. Oil Res. 2020, 32, 279-295. https://doi.org/10.1080/10412905.2020.1746698.

Barbieri, C.; Borsotto, P. Essential Oils: Market and Legislation. In Potential of Essential Oils; E1-Shemy, H.A., Ed.; InTech: London,
UK, 2018.

European Pharmacopoeia Commission. Essential Oils. In European Pharmacopoeia; European Directorate for the Quality of Med-
icines & HealthCare: Strasbourg, France, 2019; pp. 864-865.

De Sousa, D.P.; Damasceno, R.O.S.; Amorati, R.; Elshabrawy, H.A.; De Castro, R.D.; Bezerra, D.P.; Nunes, V.R.V.; Gomes, R.C.;
Lima, T.C. Essential Oils: Chemistry and Pharmacological Activities. Biomolecules 2023, 13, 1144.
https://doi.org/10.3390/biom13071144.

Kant, R.; Kumar, A. Review on Essential Oil Extraction from Aromatic and Medicinal Plants: Techniques, Performance and
Economic Analysis. Sustain. Chem. Pharm. 2022, 30, 100829. https://doi.org/10.1016/j.scp.2022.100829.

Tongnuanchan, P.; Benjakul, S. Essential Oils: Extraction, Bioactivities, and Their Uses for Food Preservation. J. Food Sci. 2014,
79, R1231-R1249. https://doi.org/10.1111/1750-3841.12492.

Dhifi, W.; Bellili, S.; Jazi, S.; Bahloul, N.; Mnif, W. Essential OilseChemical Characterization and Investigation of Some Biological
Activities: A Critical Review. Medicines 2016, 3, 25. https://doi.org/10.3390/medicines3040025.

Spisni, E.; Valerii, M.C.; Massimino, M.L. Essential Oil Molecules Can Break the Loop of Oxidative Stress in Neurodegenerative
Diseases. Biology 2023, 12, 1504. https://doi.org/10.3390/biology12121504.

Iseppi, R.; Mariani, M.; Condo, C.; Sabia, C.; Messi, P. Essential Oils: A Natural Weapon against Antibiotic-Resistant Bacteria
Responsible for Nosocomial Infections. Antibiotics 2021, 10, 417. https://doi.org/10.3390/antibiotics10040417.

Wojtunik-Kulesza, K.A. Toxicity of Selected Monoterpenes and Essential Oils Rich in These Compounds. Molecules 2022, 27,
1716. https://doi.org/10.3390/molecules27051716.

Virchea, L.-I.; Georgescu, C.; Mathé, E.; Frum, A.; Mironescu, M.; Pecsenye, B.; Nagy, R.; Danci, O.; Muresan, M.-L.; Totan, M.;
et al. Assessment of Purple Loosestrife (Lythrum salicaria L.) Extracts from Wild Flora of Transylvania: Phenolic Profile, Antiox-
idant Activity, In Vivo Toxicity, and Gene Expression Variegation Studies. Pharmaceutics 2025, 17, 1097.
https://doi.org/10.3390/pharmaceutics17091097.

Miti¢, Z.S.; Stojanovi¢-Radi¢, Z.Z.; Jovanovic, S.C.; Cvetkovié, V.].; Nikoli¢, J.S.; Ickovski, J.D.; Mitrovi¢, T.L.; Nikoli¢, B.M.; Zlat-
kovi¢, B.K,; Stojanovié, G.S. Essential Oils of Three Balkan Abies Species: Chemical Profiles, Antimicrobial Activity and Toxicity
toward Artemia salina and Drosophila melanogaster. Chem. Biodivers. 2022, 19, €202200235. https://doi.org/10.1002/cbdv.202200235.
Bernardes, LM.M.; Malta, S.M.; Rodrigues, T.S.; Covizzi, L.F.; Rosa, R.B.; Justino, A.B.; Teixeira, R.R.; Espindola, F.S.; Oliveira
Dos Santos, D.; Vieira, C.U.; et al. Drosophila melanogaster as a Model for Studies Related to the Toxicity of Lavender, Ginger and
Copaiba Essential Oils. PLoS ONE 2023, 18, e0291242. https://doi.org/10.1371/journal.pone.0291242.

Da Cunha, F.A.B.; Wallau, G.L.; Pinho, A.L,; Nunes, M.E.M.; Leite, N.F.; Tintino, S.R.; Da Costa, G.M.; Athayde, M.L.; Boligon,
A.A.; Coutinho, H.D.M,; et al. Eugenia uniflora Leaves Essential Oil Induces Toxicity in Drosophila melanogaster: Involvement of
Oxidative Stress Mechanisms. Toxicol. Res. 2015, 4, 634—644. https://doi.org/10.1039/C4TX00162A.

https://doi.org/10.3390/ph19081293



Pharmaceuticals 2026, 19, 1293 25 of 31

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Aleya, A.; Mihok, E.; Pecsenye, B.; Jolji, M.; Kertész, A.; Barsony, P.; Vigh, S.; Cziaky, Z.; Mathé, A.-B.; Burtescu, R.F.; et al.
Phytoconstituent Profiles Associated with Relevant Antioxidant Potential and Variable Nutritive Effects of the Olive, Sweet
Almond, and Black Mulberry Gemmotherapy Extracts. Antioxidants 2023, 12, 1717. https://doi.org/10.3390/antiox12091717.
Jennings, B.H. Drosophili—A Versatile Model in Biology & Medicine. Mater. Today 2011, 14, 190-195.
https://doi.org/10.1016/51369-7021(11)70113-4.

Ali, S.I; Gopalakrishnan, B.; Venkatesalu, V. Pharmacognosy, Phytochemistry and Pharmacological Properties of Achillea mille-
folium L.: A Review. Phytother. Res. 2017, 31, 1140-1161. https://doi.org/10.1002/ptr.5840.

Popovici, M.; Coldea, G.; Coste, A.; Pop, C.; Tamas, M. Comparative Phytochemical Evaluation in Several Achillea Species from
Romania. Farmacia 2021, 69, 928-933. https://doi.org/10.31925/farmacia.2021.5.15.

Kurkin, V.A.; Vaskova, A.L; Ryazanova, T.K. Comparative Study of the Constituent Composition of Essential Oil from Herb
Species of the Genus Achillea L. Pharm. Chem. ]. 2025, 59, 56-62. https://doi.org/10.1007/s11094-025-03364-6.

Farhadi, N.; Babaei, K.; Farsaraei, S.; Moghaddam, M.; Ghasemi Pirbalouti, A. Changes in Essential Oil Compositions, Total
Phenol, Flavonoids and Antioxidant Capacity of Achillea millefolium at Different Growth Stages. Ind. Crops Prod. 2020, 152,
112570. https://doi.org/10.1016/j.indcrop.2020.112570.

Székely-Szentmikldsi, I.; Rédai, E.M.; Kovacs, B.; Gergely, A.-L.; Albert, C.; Szab6, Z.-1.; Székely-Szentmikldsi, B.; Sipos, E. In-
vestigation of Yarrow Essential Oil Composition and Microencapsulation by Complex Coacervation Technology. Appl. Sci. 2024,
14, 7867. https://doi.org/10.3390/app14177867.

Yildirim, B.; Ekici, K.; Kocak, M.Z. Essential Oil Composition of Yarrow Species (Achillea millefolium L. and Achillea wilhelmsii
L.): Antioxidant and Antibacterial Activities of Essential Oils. Stud. Univ. Babes-Bolyai Chem. 2023, LXVIII, 145-157.
https://doi.org/10.24193/subbchem.2023.1.11.

Nazir, I; Gangoo, S.A.; Sofi, P.A.; Singh, A. GC-MS Analysis and Antioxidant Activity of the Essential Oil from Flowers of
Achillea millefolium L. Under Temperate Climatic Conditions of Kashmir. J. Essent. Oil Bear. Plants 2022, 25, 290-296.
https://doi.org/10.1080/0972060x.2022.2083456.

Schepetkin, .A.; Ozek, G.; Ozek, T.; Kirpotina, L.N.; Klein, R.A.; Khlebnikov, A.L; Quinn, M.T. Composition and Biological
Activity of the Essential Oils from Wild Horsemint, Yarrow, and Yampah from Subalpine Meadows in Southwestern Montana:
Immunomodulatory Activity of Dillapiole. Plants 2023, 12, 2643. https://doi.org/10.3390/plants12142643.

Acimovié¢, M.; Zori¢, M.; Zheljazkov, V.D.; Pezo, L.; éabarkapa, I.; Stankovi¢ Jeremid, J.; Cvetkovié, M. Chemical Characteriza-
tion and Antibacterial Activity of Essential Oil of Medicinal Plants from Eastern Serbia. Molecules 2020, 25, 5482.
https://doi.org/10.3390/molecules25225482.

Radzhabov, G.K.; Aliev, A.M.; Musaev, A.M.; Islamova, F.I. Variability of the Constituent Composition of Achillea millefolium
Essential Oils in the Wild Flora of Dagestan. Pharm. Chem. ]. 2022, 56, 661-666. https://doi.org/10.1007/s11094-022-02692-1.
Stojanovi¢, J.P.; Stojanovi¢, G.S.; Stojanovi¢-Radi¢, Z.Z.; Zlatkovi¢, B.K.; Ickovski, ].D.; Zlatanovi¢, 1.G.; Jovanovic, S.C.; Miti¢,
Z.S. Essential Oils of Six Achillea Species: Chemical Profiles, Antimicrobial Potential and Toxicity toward Crustaceans. Chem.
Biodivers. 2022, 19, e202100905. https://doi.org/10.1002/cbdv.202100905.

Culum, D.; éopra—]anic'ijevic’, A.; Muratovi¢, E; Siljak-Yakovlev, S.; Maksimovi¢, M.; Vidic, D. Essential Oil Composition and
Antioxidant Activity of Endemic Achillea lingulata Waldst. & Kit. Compared to Common A. millefolium L. Rec. Nat. Prod. 2022,
16, 335-345. https://doi.org/10.25135/rnp.285.2107.2143.

Shahar, B.; Chongtham, N. Traditional Uses and Advances in Recent Research on Wild Aromatic Plant Mentha longifolia and Its
Pharmacological Importance. Phytochem. Rev. 2024, 23, 529-550. https://doi.org/10.1007/s11101-023-09896-7.

Najafian, S.; Rowshan, V.; Fathi, S. Comparison of Chemical Constituents of Essential Oil from Aerial Constituent of Mentha
longifolia and Salvia multicaulis Obtained by Hydro Distillation and Headspace Analysis. |. Essent. Oil Bear. Plants 2020, 23, 719—
727. https://doi.org/10.1080/0972060X.2020.1824687.

Abdel-Hameed, U.K.; Abualghaith, A.S.; Aly, S.H.; Soliman, M.M.; Munshi, L.A.; Mohammed, S.A.A.; Eldahshan, O.A.; Ab-
delghffar, E.A.R. GC/MS Analysis and Protective Effects of Mentha longifolia L. Essential Oil Against Antituberculosis Drug-
Induced Organs Toxicity in Wistar Albino Rats. Plants 2024, 13, 3231. https://doi.org/10.3390/plants13223231.

Akdeniz, Y.; Kesimci, T.G. Chemical Composition and Biocontrol Activity of Different Essential Oils against Soil-Borne Fungal
Pathogens. Plant Pathol. ]. 2024, 40, 192-204. https://doi.org/10.5423/PP].OA.01.2024.0002.

Igbal, S.; Khan, F.A.; Haris, A.; Moziratis, R.; Binyameen, M.; Azeem, M. Essential Oils of Four Wild Plants Inhibit the Blood
Seeking Behaviour of Female Aedes aegytpi. Exp. Parasitol. 2023, 244, 108424. https://doi.org/10.1016/j.exppara.2022.108424.

https://doi.org/10.3390/ph19081293



Pharmaceuticals 2026, 19, 1293 26 of 31

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Tourabi, M.; Nouioura, G.; Touijer, H.; Baghouz, A.; El Ghouizi, A.; Chebaibi, M.; Bakour, M.; Ousaaid, D.; Almaary, K.S.;
Nafidi, H.-A.; et al. Antioxidant, Antimicrobial, and Insecticidal Properties of Chemically Characterized Essential Oils Extracted
from Mentha longifolia: In Vitro and In Silico Analysis. Plants 2023, 12, 3783. https://doi.org/10.3390/plants12213783.

Lal, M.; Gogoi, A.; Tamang, R.; Dutta, P.; Perveen, K.; Alshaikh, N.A.; Begum, T. Exploring the Bioactive Potential of Mentha
longifolia from Northeast India: An Inclusive Study on Phytochemical Composition and Biological Activities. ]. Essent. Oil Bear.
Plants 2024, 27, 1102-1120. https://doi.org/10.1080/0972060X.2024.2355266.

Li, S.; Cheng, F.; Cao, X.; Mahinur, B.; Maiwulanjiang, M. Evaluation of Antimicrobial Activity and Mechanism of Mentha lon-
gifolia L. Essential Oil. ]. Food Saf. 2023, 43, e13058. https://doi.org/10.1111/jfs.13058.

Jari¢, S.; Mitrovi¢, M.; Pavlovi¢, P. Review of Ethnobotanical, Phytochemical, and Pharmacological Study of Thymus serpyllum
L. Evid.-Based Complement. Altern. Med. 2015, 2015, 101978. https://doi.org/10.1155/2015/101978.

Salaria, D.; Rolta, R.; Lal, U.R.; Dev, K,; Kumar, V. A Comprehensive Review on Traditional Applications, Phytochemistry,
Pharmacology, and Toxicology of Thymus serpyllum. Indian ]. Pharmacol. 2023, 55, 385-394. https://doi.org/10.4103/ijp.ijp_220_22.
Jalil, B.; Pischel, I; Feistel, B.; Suarez, C.; Blainski, A.; Spreemann, R.; Roth-Ehrang, R.; Heinrich, M. Wild Thyme (Thymus ser-
pyllum L.): A Review of the Current Evidence of Nutritional and Preventive Health Benefits*. Front. Nutr. 2024, 11, 1380962.
https://doi.org/10.3389/fnut.2024.1380962.

Bozkurt, I.A.; Soyluy, S.; Kara, M.; Soylu, E.M. Chemical Composition and Antibacterial Activity of Essential Oils Isolated from
Medicinal Plants against Gall Forming Plant Pathogenic Bacterial Disease Agents. Kahramanmaras Siitcii Imam Universitesi Tarim
VE Doga Derg. 2020, 23, 1474-1482. https://doi.org/10.18016/ksutarimdoga.vi.723544.

Dong, Y.; Wei, Z,; Yang, R.; Zhang, Y.; Sun, M.; Bai, H.; Mo, M.; Yao, C.; Li, H.; Shi, L. Chemical Compositions of Essential Oil
Extracted from Eight Thyme Species and Potential Biological Functions. Plants 2023, 12, 4164.
https://doi.org/10.3390/plants12244164.

Wang, L.; Jing, S.; Wang, S.; Xing, Z.; Qu, J.; Wang, X. Chemical Composition, Larvicidal and Ovicidal Activities, and Enzyme
Inhibition Capacity of Thymus serpyllum Essential Oils Against Spodoptera litura (Fabricius). Plants 2024, 13, 3315.
https://doi.org/10.3390/plants13233315.

Xie, Y.; Jin, H.; Yang, X.; Gu, Q.; Zhang, D. Toxicity of the Essential Oil from Thymus serpyllum and Thymol to Larvae and Pupae
of the Housefly Musca domestica L. (Diptera: Muscidae). Env. Sci. Pollut. Res. 2020, 27, 35330-35340.
https://doi.org/10.1007/s11356-020-09633-z.

Shanaida, M.; Hudz, N.; Biatoni, M.; Kryvtsowa, M.; Svydenko, L.; Filipska, A.; Pawet Wieczorek, P. Chromatographic Profiles
and Antimicrobial Activity of the Essential Oils Obtained from Some Species and Cultivars of the Mentheae tribe (Lamiaceae).
Saudi ]. Biol. Sci. 2021, 28, 6145-6152. https://doi.org/10.1016/j.sjbs.2021.06.068.

Goja, I; Ulici, A.; Culea, M.; Munteanu, V.; Podea, P. The Influence of Geographic Location and Enzyme-Assisted Extraction on
Essential Oils Composition of Thymus serpyllum Growing Wild in Transylvania. Stud. Univ. Babes-Bolyai Chem. 2020, LXV, 135
147. https://doi.org/10.24193/subbchem.2020.3.10.

Varga, E.; Bardocz, A.; Beldk, A.; Maraz, A.; Boros, B.; Felinger, A.; Boszorményi, A.; Horvath, G. Antimicrobial Activity and
Chemical Composition of Thyme Essential Oils and the Polyphenolic Content of Different Thymus Extracts. Farmacia 2015, 63,
357-361.

Al-Mijalli, S.H.; Mrabti, H.N.; Elbouzidi, A.; Ashmawy, N.S.; Batbat, A.; Abdallah, E.M.; Laaboudi, W.; Aladhadh, M.; Al-
shabrmi, F.M.; Alnasser, S.M.; et al. Thymus serpyllum L. Essential Oil: Phytochemistry and in Vitro and in Silico Screening of Its
Antimicrobial, Antioxidant and Anti-Inflammatory Properties. Phyton 2025, 94, 209-227. https://doi.org/10.32604/phy-
ton.2025.060438.

Preljevi¢, K.; Pasi¢, I.; Vlaovi¢, M.; Mati¢, I.Z.; Krivokapic, S.; Petrovi¢, N.; Stanojkovi¢, T; Zivkovié, V.; Perovié, S. Comparative
Analysis of Chemical Profiles, Antioxidant, Antibacterial, and Anticancer Effects of Essential Oils of Two Thymus Species from
Montenegro. Fitoterapia 2024, 174, 105871. https://doi.org/10.1016/j.fitote.2024.105871.

Mironescu, M.; Georgescu, C. Preliminary Researches on the Effect of Essential Oils on Moulds Isolated from Surfaces. ]. Agroali-
ment. Processes Technol. 2008, 14, 30-33.

Mironescu, M.; Georgescu, C. Activity of Some Essential Oils Against Common Spoilage Fungi of Buildings. Acta Univ. Cibi-
niensis Ser. E Food Technol. 2010, X1V, 41-46.

Virchea, L.-I; Frum, A.; Georgescu, C.; Pecsenye, B.; Mathé, E.; Mironescu, M.; Craciunas, M.-T.; Totan, M.; Tanasescu, C.; Gli-
gor, F.-G. An Overview of the Bioactivity of Spontaneous Medicinal Plants Suitable for the Improvement of Lung Cancer Ther-
apies. Pharmaceutics 2025, 17, 336. https://doi.org/10.3390/pharmaceutics17030336.

https://doi.org/10.3390/ph19081293



Pharmaceuticals 2026, 19, 1293 27 of 31

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

European Pharmacopoeia Commission. Yarrow Millefolii Herba. In European Pharmacopoeia; European Directorate for the Quality
of Medicines & HealthCare: Strasbourg, France, 2019; Volume 1, pp. 1674-1675.

European Pharmacopoeia Commission. Wild Thyme Serpylli Herba. In European Pharmacopoeia; European Directorate for the
Quality of Medicines & HealthCare: Strasbourg, France, 2019; Volume 1, pp. 1669-1670.

Romanian Pharmacopoeia Commission. Millefolii Flos. In Romanian Pharmacopoeia; Medical Publishing House: Bucharest, Ro-
mania, 1993; pp. 651-652.

Mohammed, H.A.; Abd-Elraouf, M.; Sulaiman, G.M.; Almahmoud, S.A.; Hamada, F.A.; Khan, R.A.; Hegazy, M.M.; Abd-El-
Wahab, M.F.; Kedra, T.A.; Ismail, A. Variability in the Volatile Constituents and Biological Activities of Achillea millefolium L.
Essential Oils Obtained from Different Plant Parts and by Different Solvents. Arab. ]. Chem. 2023, 16, 105103.
https://doi.org/10.1016/j.arabjc.2023.105103.

Costescu, C.I; Radoi, B.P.; Hadaruga, N.G.; Gruia, A.T.; Rivis, A.; Parvu, D.; David, I.; Hadaruga, D.I. Obtaining and Charac-
terization of Achillea millefolium L. Extracts. ]. Agroaliment. Processes Technol. 2014, 20, 142-149.

Berechet, M.D.; Manaila, E.; Stelescu, M.D.; Craciun, G. The Composition of Essential Oils Obtained from Achillea millefolium
and Matricaria chamomilla L., Originary from Romania. Rev. Chim. 2017, 68, 2787-2795.

Pickett, L.J.; Amiro, M.; Hawboldt, C.; Faraone, N. Common Yarrow (Achillea millefolium) Essential Oil and Main Components
as Potential Repellents and Acaricides against Ixodes scapularis and Dermacentor variabilis (Acari: Ixodidae) Ticks. Exp. Appl.
Acarol. 2023, 89, 287-303. https://doi.org/10.1007/s10493-023-00782-7.

Hassanein, H.D.; El-Gendy, A.E.G.; Saleh, L.A; Hendawy, S.F.; Elmissiry, M.M.; Omer, E.A. Profiling of Essential Oil Chemical
Composition of Some Lamiaceae Species Extracted Using Conventional and Microwave-assisted Hydrodistillation Extraction
Methods via Chemometrics Tools. Flavour Fragr. ]. 2020, 35, 329-340. https://doi.org/10.1002/£fj.3566.

Saifi, R.; Saifi, H.; Akca, I.; Benabadelkader, M.; Askin, A.K.; Belghoul, M. Insecticidal and Repellent Effects of Mentha longifolia
L. Essential Oil against Aphis craccivora Koch (Hemiptera: Aphididae). Chem. Biol. Technol. Agric. 2023, 10, 18.
https://doi.org/10.1186/s40538-023-00395-7.

Kryvtsova, M.; Hrytsyna, M.; Salamon, I.; Skybitska, M.; Novykevuch, O. Chemotypes of Species of the Genus Thymus L. in
Carpathians Region of Ukraine—Their Essential Oil Qualitative and Quantitative Characteristics and Antimicrobial Activity.
Horticulturae 2022, 8, 1218. https://doi.org/10.3390/horticulturae8121218.

Pluhar, Z.; Kun, R.; Cservenka, J.; Neumayer, E.; Tavaszi-Séarosi, S.; Raddcsi, P.; Gosztola, B. Variations in Essential Oil Compo-
sition and Chemotype Patterns of Wild Thyme (Thymus) Species in the Natural Habitats of Hungary. Horticulturae 2024, 10, 150.
https://doi.org/10.3390/horticulturae10020150.

World Health Organization. WHO Monographs on Medicinal Plants Commonly Used in the Newly Independent States (NIS); WHO:
Geneva, Switzerland, 2010. https://naturalingredient.org/wp/wp-content/uploads/WHOmonographsmedicinalplants.pdf
Bakun, P.; Czarczynska-Goslinska, B.; Goslinski, T.; Lijewski, S. In Vitro and in Vivo Biological Activities of Azulene Derivatives
with Potential Applications in Medicine. Med. Chem. Res. 2021, 30, 834-846. https://doi.org/10.1007/s00044-021-02701-0.
Campos, J.F.; Berteina-Raboin, S. Eucalyptol, an  All-Purpose  Product. Catalysts 2022, 12, 48.
https://doi.org/10.3390/catal12010048.

Zhang, Z.; Guo, S.; Liu, X,; Gao, X. Synergistic Antitumor Effect of a-Pinene and p3-Pinene with Paclitaxel against Non-Small-
Cell Lung Carcinoma (NSCLC). Drug Res. 2015, 65, 214-218. https://doi.org/10.1055/5-0034-1377025.

Rather, M.A.; Dar, B.A.; Dar, M.Y.; Wani, B.A.; Shah, W.A.; Bhat, B.A.; Ganai, B.A.; Bhat, K.A.; Anand, R.; Qurishi, M.A. Chem-
ical Composition, Antioxidant and Antibacterial Activities of the Leaf Essential Oil of Juglans regia L. and Its Constituents. Phy-
tomedicine 2012, 19, 1185-1190. https://doi.org/10.1016/j.phymed.2012.07.018.

Afkar, S.; Somaghian, S.A. Determining of Chemical Composition, Anti-Pathogenic and Anticancer Activity of Mentha longifolia
Essential Oil Collected from Iran. Nat. Prod. Res. 2024, 39, 6583-6591. https://doi.org/10.1080/14786419.2024.2381650.

Bozovi¢, M.; Ragno, R. Calamintha nepeta (L.) Savi and Its Main Essential Oil Constituent Pulegone: Biological Activities and
Chemistry. Molecules 2017, 22, 290. https://doi.org/10.3390/molecules22020290.

Andro, AR; Atofani, D.; Boz, 1.; Zamfirache, M.-M.; Burzo, I.; Toma, C. Studies Concerning the Histo-Anatomy and Biochem-
istry of Mentha longifolia (L.) Huds. During Vegetative Phenophase. Analele Stiint. Ale Univ. Al. 1. Cuza lasi 2011, LVII, 25-30.
Bukhari, D.A.A. Antimicrobial Activity and Multi-Therapeutic Potential of Salvia officinalis and Mentha longifolia Essential Oils
in Leaves. |. Pure Appl. Microbiol. 2023, 17, 826-837. https://doi.org/10.22207/JPAM.17.2.09.

Gabbai-Armelin, P.R; Sales, L.S.; Ferrisse, T.M.; De Oliveira, A.B.; De Oliveira, ].R.; Giro, EM.A.; Brighenti, F.L. A Systematic
Review and Meta-analysis of the Effect of Thymol as an Anti-inflammatory and Wound Healing Agent: A Review of Thymol
Effect on Inflammation and Wound Healing. Phytother. Res. 2022, 36, 3415-3443. https://doi.org/10.1002/ptr.7541.

https://doi.org/10.3390/ph19081293



Pharmaceuticals 2026, 19, 1293 28 of 31

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

Nagoor Meeran, M.F.; Javed, H.; Al Taee, H.; Azimullah, S.; Ojha, S.K. Pharmacological Properties and Molecular Mechanisms
of Thymol: Prospects for Its Therapeutic Potential and Pharmaceutical Development. Front. Pharmacol. 2017, 8, 380.
https://doi.org/10.3389/fphar.2017.00380.

Madouni, N.; Meddah, B.; Aicha, T.T.; Bensouici, C.; Cakmak, Y.S.; Piras, A.; Falconieri, D.; Sonnet, P. Chemical Profile, Anti-
oxidant and Photoprotective Activities of Essential Oil and Crude Extracts of Algerian Thymus serpyllum. Nova Biotechnol. Chim.
2021, 20, €916. https://doi.org/10.36547/nbc.916.

Imran, M.; Aslam, M.; Alsagaby, S.A.; Saeed, F.; Ahmad, I.; Afzaal, M.; Arshad, M.U.; Abdelgawad, M.A.; El-Ghorab, A.H.;
Khames, A.; et al. Therapeutic Application of Carvacrol: A Comprehensive Review. Food Sci. Nutr. 2022, 10, 3544-3561.
https://doi.org/10.1002/fsn3.2994.

Balahbib, A.; El Omari, N.; Hachlafi, N.EL.; Lakhdar, F.; El Menyiy, N.; Salhi, N.; Mrabti, H.N.; Bakrim, S.; Zengin, G.; Bouyahya,
A. Health Beneficial and Pharmacological Properties of p-Cymene. Food Chem. Toxicol. 2021, 153, 112259.
https://doi.org/10.1016/j.fct.2021.112259.

Pina, L.T.S.; Rabelo, T.K.; Borges, L.P.; Gongalves, V.S.S; Silva, A.S.; Oliveira, M.A.; Quintans, ].S.S.; Quintans Janior, L.]J.; Scotti,
L.; Scotti, M.T.; et al. Antihyperalgesic Effect of y-Terpinene Complexed in 3-Cyclodextrin on Neuropathic Pain Model Induced
by Tumor Cells. Int. . Pharm. 2024, 662, 124538. https://doi.org/10.1016/j.ijpharm.2024.124538.

Vasconcelos, A.A.; Alves Filho, E.G.; Rodrigues, T.H.S.; Vieira, A.F.; Innecco, R.; Silva, G.S.; Zocolo, G.J. Variability of the Vol-
atile Organic Compounds of Achillea millefolium L. According to the Collection Time, Type of Polyethylene Packaging and Stor-
age Period. J. Braz. Chem. Soc. 2020, 31, 1021-1029. https://doi.org/10.21577/0103-5053.20190268.

Karimnejad, M.; Ghavam, M. Comparison of Quantity, Quality and Antibacterial Activity of Essential Oil Mentha longifolia (L.)
L. under Different Traditional and Modern Extraction Methods. PLoS ONE 2024, 19, e0301558. https://doi.org/10.1371/jour-
nal.pone.0301558.

Shoukair, A.S.; Morsi, M.K.S.; Morsy, N.F.S.; Hammad, K.S.M. Enhanced Extraction of Wild Mint (Mentha longifolia L.) Leaf
Essential Oil by Ultrasound Pre-Treatment Prior to Hydrodistillation. Egypt. J. Chem. 2024, 67, 127-139.
https://doi.org/10.21608/ejchem.2023.223037.8263.

Fuentes, C.; Fuentes, A.; Barat, ].M.; Ruiz, M.]. Relevant Essential Oil Components: A Minireview on Increasing Applications
and Potential Toxicity. Toxicol. Mech. Methods 2021, 31, 559-565. https://doi.org/10.1080/15376516.2021.1940408.

Basch, E.; Ulbricht, C.; Hammerness, P.; Bevins, A.; Sollars, D. Thyme (Thymus vulgaris L.), Thymol. ]. Herb. Pharmacother. 2004,
4, 49-67. https://doi.org/10.1080/]157v04n01_07.

National Toxicology Program. Toxicology and Carcinogenesis Studies of Pulegone (CAS No. 89-82-7) in F344/N Rats and
B6C3F1 Mice (Gavage Studies). Natl. Toxicol. Program. Tech. Rep. Ser. 2011, 1-201.https://pubmed.ncbi.nlm.nih.gov/21921962/
Zarybnicky, T.; Matouskova, P.; LancoSova, B.; Subrt, Z.; Skdlov4, L.; Bousov4, L Inter-Individual Variability in Acute Toxicity
of R-Pulegone and R-Menthofuran in Human Liver Slices and Their Influence on miRNA Expression Changes in Comparison
to Acetaminophen. Int. . Mol. Sci. 2018, 19, 1805. https://doi.org/10.3390/ijms19061805.

Yao, L.; Wang, W.; Zhang, B. Exploring Chamazulene as a Novel Therapeutic Agent for Breast Cancer in Silico and in Vitro:
Apoptosis Induction, Cell Cycle Regulation, and Antimetastatic Effects. Front. Pharmacol. 2025, 16, 1680615.
https://doi.org/10.3389/fphar.2025.1680615.

Gulcin, I.; Alwasel, S.H. DPPH Radical Scavenging Assay. Processes 2023, 11, 2248. https://doi.org/10.3390/pr11082248.

Rumpf, ].; Burger, R.; Schulze, M. Statistical Evaluation of DPPH, ABTS, FRAP, and Folin-Ciocalteu Assays to Assess the Anti-
oxidant Capacity of Lignins. Int. J. Biol. Macromol. 2023, 233, 123470. https://doi.org/10.1016/j.ijpiomac.2023.123470.

Benzie, LF.F.; Strain, ].J. The Ferric Reducing Ability of Plasma (FRAP) as a Measure of “Antioxidant Power”: The FRAP Assay.
Anal. Biochem. 1996, 239, 70-76. https://doi.org/10.1006/abio.1996.0292.

Prior, R.L.; Wu, X; Schaich, K. Standardized Methods for the Determination of Antioxidant Capacity and Phenolics in Foods
and Dietary Supplements. ]. Agric. Food Chem. 2005, 53, 4290-4302. https://doi.org/10.1021/jf0502698.

Munteanu, I.G.; Apetrei, C. Analytical Methods Used in Determining Antioxidant Activity: A Review. Int. J. Mol. Sci. 2021, 22,
3380. https://doi.org/10.3390/ijms22073380.

Yildiz, S.; Turan, S.; Kiralan, M.; Ramadan, M.F. Antioxidant Properties of Thymol, Carvacrol, and Thymoquinone and Its Effi-
ciencies on the Stabilization of Refined and Stripped Corn Oils. Food Meas. 2021, 15, 621-632. https://doi.org/10.1007/s11694-020-
00665-0.

Al-Mansori, B.M.B.H.; El-Ageeli, W.H.; Alsagheer, S.H.M.; Ben-Khayal, F.A F. Antioxidant Activity- Synergistic Effects of Thy-
mol and Carvacrol. AL-Mukhtar ]. Sci. 2020, 35, 185-194. https://doi.org/10.54172/mjsc.v35i3.271.

https://doi.org/10.3390/ph19081293



Pharmaceuticals 2026, 19, 1293 29 of 31

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

Ria, J.; Del Valle, P.; De Arriaga, D.; Fernandez-Alvarez, L.; Garcia-Armesto, M.R. Combination of Carvacrol and Thymol:
Antimicrobial Activity Against Staphylococcus aureus and Antioxidant Activity. Foodborne Pathog. Dis. 2019, 16, 622-629.
https://doi.org/10.1089/fpd.2018.2594.

Nikoli¢, M.; Glamoclija, ].; Ferreira, .C.E.R.; Calhelha, R.C.; Fernandes, A.; Markovi¢, T.; Markovié, D.; Giweli, A.; Sokovié, M.
Chemical Composition, Antimicrobial, Antioxidant and Antitumor Activity of Thymus serpyllum L., Thymus algeriensis Boiss.
and Reut and Thymus vulgaris L. Essent. Oils. Ind. Crops Prod. 2014, 52, 183-190. https://doi.org/10.1016/j.indcrop.2013.10.006.
Kacaniova, M.; Terentjeva, M.; Vukovic, N.; Puchalski, C.; Roychoudhury, S.; Kunova, S.; Klaga, A.; Tokar, M.; Kluz, M.;
IvaniSova, E. The Antioxidant and Antimicrobial Activity of Essential Oils against Pseudomonas spp. Isolated from Fish. Saudi
Pharm. |. 2017, 25, 1108-1116. https://doi.org/10.1016/j.jsps.2017.07.005.

Ouedrhiri, W.; Mechchate, H.; Moja, S.; Mothana, R.A.; Noman, O.M.; Grafov, A.; Greche, H. Boosted Antioxidant Effect Using
a Combinatory Approach with Essential Oils from Origanum compactum, Origanum majorana, Thymus serpyllum, Mentha spicata,
Myrtus  communis, and  Artemisia  herba-Alba:  Mixture Design  Optimization. Plants 2021, 10, 2817.
https://doi.org/10.3390/plants10122817.

Salaria, D.; Rolta, R.; Fadare, O.A.; Fadare, R.Y.; Guleria, S.; Lal, U.R.; Kumar, V. In Silico and in Vitro Antioxidant Potential of
Thymus serpyllum L. Essential Oil. Pharmacol. Res.-Mod. Chin. Med. 2023, 8, 100280. https://doi.org/10.1016/j.prmem.2023.100280.
Kulisic, T.; Radonic, A.; Milos, M. Antioxidant Properties of Thyme (Thymus vulgaris L.) and Wild Thyme (Thymus serpyllum L.)
Essential Qils. Ital. ]. Food Sci. 2005, 17, 315-324.

Hussain, A.L; Anwar, F.; Chatha, S.A.S; Latif, S.; Sherazi, S.T.H.; Ahmad, A.; Worthington, J.; Sarker, S.D. Chemical Composi-
tion and Bioactivity Studies of the Essential Oils from Two Thymus Species from the Pakistani Flora. LWT-Food Sci. Technol. 2013,
50, 185-192. https://doi.org/10.1016/j.lwt.2012.06.003.

Capuzzo, A.; Occhipinti, A.; Maffei, M.E. Antioxidant and Radical Scavenging Activities of Chamazulene. Nat. Prod. Res. 2014,
28, 2321-2323. https://doi.org/10.1080/14786419.2014.931393.

Firat, Z.; Demirci, F.; Demirci, B. Antioxidant Activity of Chamomile Essential Oil and Main Components. Nat. Volatiles Essent.
Oils 2018, 5, 11-16.

Efremov, A.A.; Zykova, L.D. Antiradical Activity of Extractives from Achillea millefolium L. of the Siberian Region. Russ. |. Bioorg
Chem. 2022, 48, 1387-1391. https://doi.org/10.1134/51068162022070032.

Torres-Martinez, R.; Garcia-Rodriguez, Y.M.; Rios-Chavez, P.; Saavedra-Molina, A.; Lopez-Meza, J.E.; Ochoa-Zarzosa, A.;
Garciglia, R.S. Antioxidant Activity of the Essential Oil and Its Major Terpenes of Satureja macrostema (Moc. and Sessé Ex Benth.)
Briq. Pharmacogn. Mag. 2018, 13, S875-S880. https://doi.org/10.4103/pm.pm_316_17.

Sharopov, F.S.; Wink, M.; Setzer, W.N. Radical Scavenging and Antioxidant Activities of Essential Oil Components--an Exper-
imental and Computational Investigation. Nat. Prod. Commun. 2015, 10, 153-156.

Niksi¢, H.; Kovac BeSovi¢, E.; Makarevi¢, E.; Duri¢, K. Chemical Composition, Antimicrobial and Antioxidant Properties of
Mentha longifolia (L.) Huds. Essential Oil. |. Health Sci. 2012, 2, 192-200. https://doi.org/10.17532/jhsci.2012.38.

Abdel-Gwad, N.; Mahmoud, E.A.-M.; Al-Askalany, S.A.; Hanafy, E.A. Antioxidant, Antibacterial and Cytotoxic Effect of
Cymbopogon citratus, Mentha longifolia, and Artemisia absinthium Essential Oils. Egypt. ]. Chem. 2022, 65, 287-296.
https://doi.org/10.21608/ejchem.2021.86171.4174.

Amar, F.Z.A.; Goudjil, M.B.; Mahcene, Z.; Amor, A.A. Antioxidant Potential and Chemical Composition of Essential Oils from
Mentha longifolia, Lavandula angustifolia, and Ocimum basilicum Grown in the Oued Souf Region, Algeria. Chem. Pap. 2025, 79,
783-795. https://doi.org/10.1007/s11696-024-03814-7.

Bassolé, LH.N.; Juliani, H.R. Essential Oils in Combination and Their Antimicrobial Properties. Molecules 2012, 17, 3989—-4006.
https://doi.org/10.3390/molecules17043989.

El Guerrouj, B.; Taibi, M.; Elbouzidi, A.; Bouhassoun, S.; Loukili, E.H.; Moubchir, T.; Haddou, M.; Hammouti, Y.; Khoulati, A.;
Addi, M.; et al. The Effect of Altitude on the Chemical Composition, Antioxidant and Antimicrobial Activities of Eucalyptus
globulus Labill. Essential Oils. Trop. J. Nat. Prod. Res. 2023, 7, 5279-5285. https://doi.org/10.26538/tjinpr/v7i11.37.

Jordan, M.J.; Lax, V.; Rota, M.C.; Loran, S.; Sotomayor, J.A. Effect of Bioclimatic Area on the Essential Oil Composition and
Antibacterial Activity of Rosmarinus officinalis L. Food Control 2013, 30, 463-468. https://doi.org/10.1016/j.foodcont.2012.07.029.
Galovicova, L.; Borotova, P.; Valkova, V.; Vukovic, N.L.; Vukic, M.; Terentjeva, M.; Stefanikova, ], Duranova, H.; Kowalczewski,
P.L.; Kac¢aniova, M. Thymus serpyllum Essential Oil and Its Biological Activity as a Modern Food Preserver. Plants 2021, 10, 1416.
https://doi.org/10.3390/plants10071416.

https://doi.org/10.3390/ph19081293



Pharmaceuticals 2026, 19, 1293 30 of 31

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

Kacaniova, M.; Garzoli, S.; Ben Hsouna, A.; Bianchi, A.; Kluz, M.1,; Elizondo-Luevano, J.H.; Ban, Z.; Ben Saad, R.; Mnif, W.;
Hascik, P. The Potential of Thymus serpyllum Essential Oil as an Antibacterial Agent against Pseudomonas aeruginosa in the Preser-
vation of Sous Vide Red Deer Meat. Foods 2024, 13, 3107. https://doi.org/10.3390/foods13193107.

Gheorghita, D.; Robu, A.; Antoniac, A.; Antoniac, I.; Ditu, L.M.; Raiciu, A.-D.; Tomescu, J.; Grosu, E.; Saceleanu, A. In Vitro
Antibacterial Activity of Some Plant Essential Oils against Four Different Microbial Strains. Appl. Sci. 2022, 12, 9482.
https://doi.org/10.3390/app12199482.

Béicus, A.; Mattuzzi, F.C.; Paraschiv, A.M.; Dinu, R.-S.; Dumitrescu, M.C.; Marinescu, A.A; Ionescu, D.; Dragos, D. Antibacterial
Activity of Clove, Oregano, Thyme, Eucalyptus, and Tea Tree Essential Oils against Escherichia coli and Klebsiella pneumoniae
Strains. Rev. Romana Med. Lab. 2022, 30, 327-338. https://doi.org/10.2478/rrlm-2022-0023.

Semeniuc, C.A,; Pop, C.R; Rotar, A.M. Antibacterial Activity and Interactions of Plant Essential Oil Combinations against
Gram-Positive and Gram-Negative Bacteria. J. Food Drug Anal. 2017, 25, 403-408. https://doi.org/10.1016/j.jfda.2016.06.002.

Pei, R.; Zhou, F.; Ji, B.; Xu, J. Evaluation of Combined Antibacterial Effects of Eugenol, Cinnamaldehyde, Thymol, and Carvacrol
against E. coli with an Improved Method. J. Food Sci. 2009, 74, M379-M383. https://doi.org/10.1111/j.1750-3841.2009.01287 .x.
Ultee, A.; Slump, R.A.; Steging, G.; Smid, E.]. Antimicrobial Activity of Carvacrol toward Bacillus cereus on Rice. ]. Food Prot.
2000, 63, 620-624. https://doi.org/10.4315/0362-028X-63.5.620.

Gavaric, N.; Mozina, S.S.; Kladar, N.; Bozin, B. Chemical Profile, Antioxidant and Antibacterial Activity of Thyme and Oregano
Essential Oils, Thymol and Carvacrol and Their Possible Synergism. ]. Essent. Oil Bear. Plants 2015, 18, 1013-1021.
https://doi.org/10.1080/0972060X.2014.971069.

Kachur, K,; Suntres, Z. The Antibacterial Properties of Phenolic Isomers, Carvacrol and Thymol. Crit. Rev. Food Sci. Nutr. 2020,
60, 3042-3053. https://doi.org/10.1080/10408398.2019.1675585.

Hafedh, H.; Fethi, B.A.; Mejdi, S.; Emira, N.; Amina, B. Effect of Mentha longifolia L. ssp longifolia Essential Oil on the Morphology
of Four Pathogenic Bacteria Visualized by Atomic Force Microscopy. Afr. J. Microbiol. Res. 2010, 4, 1122-1127.

Alnasri, E.O.; Sindi, H.A.; Jamoussi, B.; Alqahtani, S.5.A.; Alayafi, A.A.M.; Algashgari, B.Y. Antibacterial Mechanisms of Mentha
longifolia L. Essential Oil from AlUla (Saudi Arabia) Using in Silico Molecular Docking Tools as an Innovative Approach to
Developing Sustainable Antibiotics. Cogent Food Agric. 2025, 11, 2568751. https://doi.org/10.1080/23311932.2025.2568751.
Moldovan, R.I; Oprean, R.; Benedec, D.; Hanganu, D.; Duma, M.; Oniga, I.; Vlase, L. LC-MS Analysis, Antioxidant and Anti-
microbial Activities for Five Species of Mentha Cultivated in Romania. Dig. . Nanomater. Biostructures 2014, 9, 559-566.
Hajlaoui, H.; Snoussi, M.; Ben Jannet, H.; Mighri, Z.; Bakhrouf, A. Comparison of Chemical Composition and Antimicrobial
Activities of Mentha longifolia L. ssp. longifolia Essential Oil from Two Tunisian Localities (Gabes and Sidi Bouzid). Ann. Microbiol.
2008, 58, 513-520. https://doi.org/10.1007/BF03175551.

El-Kalamouni, C.; Venskutonis, P.R.; Zebib, B.; Merah, O.; Raynaud, C.; Talou, T. Antioxidant and Antimicrobial Activities of
the Essential Oil of Achillea millefolium L. Grown France. Med. 2017, 4, 30. https://doi.org/10.3390/medicines4020030.

Jianu, C.; Golet, I; Misca, C.; Jianu, A.M.; Pop, G.; Gruia, A.T. Antimicrobial Properties and Chemical Composition of Essential
Qils Isolated from Six Medicinal Plants Grown in Romania Against Foodborne Pathogens. Rev. Chim. 2016, 67, 1056-1061.
Morita, Y.; Tomida, J.; Kawamura, Y. Responses of Pseudomonas aeruginosa to Antimicrobials. Front. Microbiol. 2014, 4, 422.
https://doi.org/10.3389/fmicb.2013.00422.

Li, Y.; Kumar, S.; Zhang, L.; Wu, H.; Wu, H. Characteristics of Antibiotic Resistance Mechanisms and Genes of Klebsiella pneu-
moniae. Open Med. 2023, 18, 20230707. https://doi.org/10.1515/med-2023-0707.

Zhang, Z.; Yang, T.; Zhang, Y.; Wang, L.; Xie, Y. Fumigant Toxicity of Monoterpenes against Fruitfly, Drosophila melanogaster.
Ind. Crops Prod. 2016, 81, 147-151. https://doi.org/10.1016/j.indcrop.2015.11.076.

Erdem Kucuk, M.; Kaplan, A. The Effect of Thymol on the Development of Drosophila melanogaster. ]. Appl. Biol. Sci. 2023, 17,
320-327. https://doi.org/10.71336/jabs.1195.

Sousa Silveira, Z.D.; Macédo, N.S.; Sampaio dos Santos, ].F.; Sampaio de Freitas, T.; Rodrigues dos Santos Barbosa, C.; Junior,
D.L.D.S.; Muniz, D.F.; Castro De Oliveira, L.C.; Junior, ].P.S.; Cunha, F.A.B.D.; et al. Evaluation of the Antibacterial Activity and
Efflux Pump Reversal of Thymol and Carvacrol against Staphylococcus aureus and Their Toxicity in Drosophila melanogaster. Mol-
ecules 2020, 25, 2103. https://doi.org/10.3390/molecules25092103.

Bunse, M.; Daniels, R.; Griindemann, C.; Heilmann, ].; Kammerer, D.R.; Keusgen, M.; Lindequist, U.; Melzig, M.F.; Morlock,
G.E.; Schulz, H.; et al. Essential Oils as Multicomponent Mixtures and Their Potential for Human Health and Well-Being. Front.
Pharmacol. 2022, 13, 956541. https://doi.org/10.3389/fphar.2022.956541.

https://doi.org/10.3390/ph19081293



Pharmaceuticals 2026, 19, 1293 31 of 31

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

Pavlidou, V.; Karpouhtsis, I.; Franzios, G.; Zambetaki, A.; Scouras, Z.; Mavragani-Tsipidou, P. Insecticidal and Genotoxic Effects
of Essential Oils of Greek Sage, Salvia fruticosa, and Mint, Mentha pulegium, on Drosophila melanogaster and Bactrocera oleae (Dip-
tera: Tephritidae). . Agric. Urban Entomol. 2004, 21, 39-49.

Pavela, R. Acute and Synergistic Effects of Some Monoterpenoid Essential Oil Compounds on the House Fly (Musca domestica
L.). J. Essent. Oil Bear. Plants 2008, 11, 451-459. https://doi.org/10.1080/0972060X.2008.10643653.

Pavela, R. Acute and Synergistic Effects of Monoterpenoid Essential Oil Compounds on the Larvae of Spodoptera littoralis. ].
Biopestic. 2010, 3, 573-578.

Virchea, L.-I.; Georgescu, C.; Frum, A.; Mathé, E.; Mironescu, M.; Pecsenye, B.; Nagy, R.; Danci, O.V.; Muresan, M.-L.; Totan,
M.; et al. Evaluation of Phytochemical Constituents, Antioxidant Potential, and Toxicological Profile of Selected Medicinal
Plants from Romaniaes Spontaneous Flora. Molecules 2026, 31, 1527. https://doi.org/10.3390/molecules31091527.

Bouabida, H.; Dris, D. Biological Toxicity of Ruta graveolens Essential Oil against Three Species of Diptera Drosophila melano-
gaster, Culex pipiens and Culiseta longiareolata. |. Vector Borne Dis. 2022, 59, 320-326. https://doi.org/10.4103/0972-9062.353272.
Aksakal, O Uysal, H.; Colak, D.A.; Mete, E.; Kaya, Y. Inhibition Effects of Essential Oil of Cymbocarpum erythraeum (Dc.) Boiss.,
on Percentage of Survival from Larvae to Adult in Drosophila melanogaster and Its Chemical Composition. Derg. Mehmet Akif
Ersoy Universitesi Fen Bilim. Enstitiisii Derg. 2012, 3, 32-36.

Pedroso, A.L.; Schonwald, M.K,; Dalla Corte, C.L.; Soares, F.A.A.; Speranga, A.; Godoi, B.; de Carvalho, N.R. Effects of Rosma-
rinus officinalis L. (Laminaceae) Essential Oil on Adult and Larvae of Drosophila melanogaster. Toxicol. Res. 2023, 12, 913-921.
https://doi.org/10.1093/toxres/tfad081.

Khater, K.S. Effect of Two Volatile Oils Extracted from Syzygium aromaticum, Mentha longifolia, and Imidacloprid on Lucilia cu-
prina (Diptera: Calliphoridae). Parasitol. United ]. 2021, 14, 46-57. https://doi.org/10.21608/pu;j.2021.51818.1096.

Sarbu, 1; Stefan, N.; Oprea, A. Plante Vasculare Din Romania: Determinator Ilustrat de Teren; Editura Victor B Victor: Bucuresti,
Romania, 2013; pp. 670-671+676+802.

Romanian Pharmacopoeia Commission. Dozarea Uleiurilor Volatile Din Produse Vegetale. In Romanian Pharmacopoeia; Medical
Publishing House: Bucharest, Romania, 1993; pp. 1064-1065.

Paun, A.; Rusu, L.M.; Moldovan, M.; Sava, S.; Dreanca, A.; Bacali, C.; Badea, M.E.; Borzan, C.; Baldea, I. The Antioxidant Effect
and Chemical Composition of Two Experimental Photosensitizers in Induced Periodontitis. Stud. Univ. Babes-Bolyai Chem. 2023,
LXVIII, 85-97. https://doi.org/10.24193/subbchem.2023.2.06.

Tylkowski, B.; Tsibranska, I.; Kochanov, R.; Peev, G.; Giamberini, M. Concentration of Biologically Active Compounds Ex-
tracted from Sideritis ssp. L. by Nanofiltration. Food Bioprod. Process. 2011, 89, 307-314. https://doi.org/10.1016/j.fbp.2010.11.003.
Vicas, L.; Teusdea, A.; Vicas, S.; Marian, E.; Tunde, J.; Muresan, M.; Gligor, F. Assessment of Antioxidant Capacity of Some
Extracts for Further Use in Therapy. Farmacia 2015, 63, 267-274.

Angane, M.; Swift, S.; Huang, K,; Butts, C.A.; Quek, S.Y. Essential Oils and Their Major Components: An Updated Review on
Antimicrobial Activities, Mechanism of Action and Their Potential Application in the Food Industry. Foods 2022, 11, 464.
https://doi.org/10.3390/foods11030464.

Spisni, E.; Petrocelli, G.; Imbesi, V.; Spigarelli, R.; Azzinnari, D.; Donati Sarti, M.; Campieri, M.; Valerii, M.C. Antioxidant, Anti-
Inflammatory, and Microbial-Modulating Activities of Essential Oils: Implications in Colonic Pathophysiology. Int. ]. Mol. Sci.
2020, 21, 4152. https://doi.org/10.3390/ijms21114152.

Aljaafari, M.N.; AlAli, A.O.; Baqais, L.; Alqubaisy, M.; AlAli, M.; Molouki, A.; Ong-Abdullah, J.; Abushelaibi, A.; Lai, K.-S.; Lim,
S.-H.E. An Overview of the Potential Therapeutic Applications of Essential Oils. Molecules 2021, 26, 628.
https://doi.org/10.3390/molecules26030628.

Georgescu, C.; Frum, A.; Virchea, L.-I.; Sumacheva, A.; Shamtsyan, M.; Gligor, F.-G.; Olah, N.K.; Mathe, E.; Mironescu, M.
Geographic Variability of Berry Phytochemicals with Antioxidant and Antimicrobial Properties. Molecules 2022, 27, 4986.
https://doi.org/10.3390/molecules27154986.

CLSI. Performance Standards for Antimicrobial Susceptibility Testing. 35th ed. CLSI supplement M100. Clinical and Laboratory
Standards Institute; 2025.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-
thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/ph19081293



