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Abstract: The Lamiaceae family, which includes several well-known aromatic plants, is scientifically
relevant due to its essential oils (EOs). In this work, four EOs from Mediterranean species, namely
Origanum vulgare L., Rosmarinus officinalis L., Salvia officinalis L., and Thymus vulgaris L., were evaluated
for their volatile profiles and the biological activity in vitro to assess their potential use in the food
and cosmetic sector. GC/MS analysis revealed dominant compounds, such as carvacrol, thymol,
and eucalyptol. Regarding biological action, the samples exhibited antioxidant, cytotoxic, anti-
inflammatory, antimicrobial, and antifungal activities, with O. vuigare and T. officinalis standing out.
T. vulgaris showed the lowest ECs in the reducing power assay, and O. vulgare had the lowest ECsg
in the DPPH assay. Most EOs also displayed excellent anti-inflammatory responses and antifungal
properties, with O. vulgare and T. vulgaris also demonstrating antibacterial activity. All EOs from
Mediterranean species showed cytotoxicity against tumoral cell lines. Overall, the selected EOs stood
out for their interesting bioactivities, with the obtained results underscoring their potential as natural
preservatives and bioactive agents in various industrial applications, including food, pharmaceuticals,

and cosmetics.
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1. Introduction

The Lamiaceae family comprises 236 genera and approximately 7200 plant species [1].
Throughout history, these plants have gained recognition for their culinary value as sea-
soning and flavoring agents, as well as for their traditional medicinal uses [2]. Scientific
studies have reported the presence of compounds with significant relevance in different
plant organs and essential oils within this family that are associated with their aromatic
and bioactive properties [3]. Moreover, several members of the Lamiaceae family, such
as mint, sage, oregano, thyme, basil, and rosemary, have been integral components of
the Mediterranean diet, highlighting their extensive use in the culinary traditions of this
region [4].

Essential oils (EOs) are complex mixtures mainly composed of several terpenes, com-
monly used as natural ingredients [5]. Essential oils of common spices, such as clove,
cinnamon, basil, nutmeg, thyme, and oregano, are considered in the category Generally
Recognized as Safe (GRAS) by the Food and Drug Administration (FDA). Furthermore,
the GRAS status of EOs has engendered considerable interest in their use in the food
preservation industry [6]. Contemporary trends in the food industry underscore a growing
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consumer preference toward environmentally sustainable options and a reduced reliance
on synthetic chemical preservatives. In this context, EOs emerge as a promising alternative
for replacing or decreasing the use of chemical additives, such as synthetic antioxidants
and preservatives, and improving food packaging [7-9].

Some studies have highlighted the flavoring, antioxidant, and anti-inflammatory
properties of different essential oils [10,11]. However, the application of EOs as food preser-
vatives requires good knowledge of their properties, such as microbial and antioxidant
sensitivity and the effects when in contact with the food matrix [12]. In addition to the food
industry, EOs can also be used in sectors, such as cosmetics, to develop new fragrances
and products for hair and skin care [13,14], and agriculture, as bioagents to prevent the
development of pests during crop growth [15].

In this study, a preliminary selection of plants of this family cultivated in Portugal
with potential for industrial-scale use was performed based on three main criteria, namely
their status as aromatic plants commonly used in culinary practices, potential suitability
for the extraction of EOs in accordance with the scientific literature, and origin as either
native to the Mediterranean ecosystem or cultivated within this region. Consequently, four
species of edible and aromatic plants, Origanum vulgare L. (oregano), Rosmarinus officinalis L.
(rosemary), Salvia officinalis L. (sage), and Thymus vulgaris L. (thyme), were specifically
chosen as focal subjects for essential-oil extraction by Clevenger hydrodistillation. Several
studies have addressed certain parameters related to the composition and bioactivity of
essential oils of said species; however, few articles have simultaneously evaluated the
chemical composition and various biological activities of the same work. This article aims
to fill this gap by providing a comprehensive and integrated analysis of the composition
and antioxidant, cytotoxic, anti-inflammatory, and antimicrobial activities of essential oils
extracted from Lamiaceae plants. Overall, the work seeks to contribute valuable insights
for the future exploitation of aromatic plants at an industrial scale, potentially benefiting
sectors such as food, pharmaceuticals, and cosmetics.

2. Results and Discussion
2.1. Composition in Volatile Compounds

GC/MS analysis allowed the identification of 90.3-92.3% of the compounds, consid-
ering all the EOs analyzed. In total, 9 compounds were identified in O. vulgare EO, 13
in S. officinalis EO, and 16 compounds in the EOs of R. officinalis and T. vulgaris (Table 1).
All the essential oils showed a predominance of oxygenated monoterpenes, followed by
monoterpene hydrocarbons. Nevertheless, S. officinalis and O. vulgaris presented a much
higher content of oxygenated monoterpenes (81 and 86%, respectively) as compared to
R. officinalis and T. vulgaris (53 and 48%, respectively), which in turn showed a higher
number of monoterpenes (around 40%, while S. officinalis and O. vulgaris had <10%). In
addition, O. vulgaris showed the presence of oxygenated sesquiterpenes, though in minor
amounts (0.64 and 1.613%), while sesquiterpenes were also evidenced in S. officinalis EO
(1.156%). However, T. vulgaris EO was the only sample that simultaneously presented these
two groups, although sesquiterpenes were present as minority compounds (0.1%).

Carvacrol, a monoterpene recognized as having antioxidant, antimicrobial, and anti-
inflammatory effects, as previously reviewed [16], was the main oxygenated monoterpene
present in O. vulgare EO (85.78%), in agreement with previous studies reported in the
literature. Caputo et al. comprehensively examined different drying methods of O. vulgare
and reported carvacrol as the predominant compound in the EO obtained by the different
drying techniques tested [17]. Elshafie et al. also reported carvacrol as the main constituent
of O. vulgare EO [18]. Several beneficial effects have been associated with this compound,
namely increased shelf-life of food products, mainly due to its powerful antioxidant and
antimicrobial properties [19], as well as antimutagenic activity [18] and antimicrobial [20,21]
and anticancer properties [22]. Carvacrol was also observed in the EO of T. vulgaris,
although in smaller amounts (5.1%). In this species, the major terpene observed was
thymol (41%), which is consistent with previous studies conducted by Ed-Dra et al., who
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investigated the use of T. vulgaris EO as a natural additive [23]. In this study, the authors
also concluded that thymol is related to the inhibitory effect of T. vulgaris EO on different
serotypes of Salmonella enterica, as also suggested by other works [24,25]. Thymol, an
isomer of carvacrol, is directly associated with Thymus vulgaris as it is frequently found
in this species [26]. This monoterpene has been significantly studied over the years, with
various biological activities being attributed to it, notably antioxidant, anti-inflammatory,
and antimicrobial properties [27-29]. Its applications, the identification of its mechanisms
of action, and its pharmacokinetic studies position thymol as a potential agent for medicinal
treatments [30].

Regarding R. officinalis EO, eucalyptol was the main terpene observed (34%). Eucalyp-
tol is commonly found in Eucalyptus essential oil, but it can also be found in other plants.
The literature reports this compound as an excellent antimicrobial; however, studies are
still scarce [31]. Similar amounts of eucalyptol were also described by Amina et al. (37.97%),
who suggested that the antioxidant activity exhibited by this oil can be related to the high
content of this compound [32]. Moreover, the literature reports eucalyptol as a terpene that
exhibits moderate inhibitory action against different microorganisms [33].

Table 1. Chemical volatile profiles of the four Lamiaceae essential oils extracted by hydrodistillation
by the Clevenger apparatus.

Origanum vulgare L.

Number Compound RT (min) LRI® LRIP Relative % ©
1 a-Pinene 8.458 926 932 0.076 =+ 0.001
2 Camphene 9.123 940 946 0.048 £ 0.003
3 -Pinene 10.138 985 974 0.012 + 0.001
4 0-Cymene 12.798 1018 1022 0.53 £ 0.02
5 v-Terpinene 14.461 1052 1054 0.82 £ 0.03
6 Terpinolene 16.876 1102 1088 44402
7 Thymol 25.61 1287 1289 0.013 + 0.0001
8 Carvacrol 26.975 1318 1298 85.78 £ 0.02
9 Caryophyllene oxide 37.336 1568 1582 0.64 £ 0.04

Total identified (%) 923 £0.2
Monoterpenes 59+£03
Oxygenated monoterpenes 85.8 + 0.02
Oxygenated sesquiterpenes 0.64 + 0.04
Not identified 77+£02
Rosmarinus officinalis L.

Number Compound RT (min) LRI? LRIP Relative % ©
1 Santolina triene 7.95 915 908 0.1 £0.01
2 a-Pinene 8.69 930 932 241+£0.2
3 Camphene 9.26 943 946 3.95+0.01
4 Dehydrosabinene 9.4 946 956 0.17 £ 0.01
5 [-Pinene 10.42 968 974 0.32 £0.01
6 [-Myrcene 114 989 991 81403
7 0-Cymene 12.83 1019 1022 1.28 +0.01
8 p-Cymene 12.99 1022 1023 0.6 & 0.001
9 Eucalyptol 13.39 1030 1031 34+1
10 v-Terpinene 14.46 1052 1060 0.49 £ 0.01
11 Terpinolene 15.7 1078 1088 0.21 £ 0.01
12 Camphor 18.75 1141 1142 5.9 £ 0.05
13 a-Terpineol 21.41 1195 1189 2.15 £ 0.01
14 Verbenone 21.81 1204 1204 9.4+0.1
15 Bornyl acetate 25.14 1277 1284 1.23 £0.01
16 Methyleugenol 30.37 1396 1402 0.22 £0.01

Total identified (%) 919 £0.1
Monoterpenes 39.2 £0.6
Oxygenated monoterpenes 527+ 1.1
Not identified 81+0.1
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Table 1. Cont.
Salvia officinalis L.

Number Compound RT (min) LRI® LRIP Relative % ©
1 x-Pinene 8.475 926 932 33401
2 Camphene 9.175 941 946 44+05
3 [3-Pinene 10.383 967 974 0.79 £ 0.02
4 [-Myrcene 11.188 984 991 0.53 £ 0.04
5 Eucalyptol 13.253 1027 1031 17 +£2
6 Thujone 17.103 1107 1103 24 +1
7 B-Thujone 17.804 1121 1114 48+03
8 Camphor 18.994 1146 1142 29+1
9 Isoborneol 20.079 1168 1157 50+04
10 a-Terpineol 21.129 1190 1189 0.46 & 0.04
11 Bornyl acetate 25.102 1276 1284 0.8 +0.1
12 -Caryophyllene 30.72 1404 1419 0.466 + 0.002
13 Humulene 32.225 1441 1454 0.69 £ 0.03

Total identified (%) 91.24 + 0.05
Monoterpenes 9.02 & 0.66
Oxygenated monoterpenes 81+5
Sesquiterpenes 1.16 = 0.03
Not identified 8.76 = 0.14
Thymus vulgaris L.

Number Compound RT (min) LRI? LRIP Relative % ©
1 «-Pinene 8.475 926 932 0.012 £ 0.001
2 Camphene 9.14 940 946 0.005 + 0.0002
3 3-Pinene 11.24 985 974 0.17 + 0.01
4 0-Cymene 13.13 1026 1022 25.324 £+ 0.04
5 p-Cymene 13.218 1028 1023 14+1
6 Limonene 13.28 1029 1024 0.18 £ 0.01
7 Eucalyptol 13.341 1030 1031 0.648 £ 0.03
8 v-Terpinene 14.461 1052 1054 0.278 £ 0.002
9 Camphor 18.591 1138 1141 0.26 £ 0.004
10 Thymol methyl ether 22.739 1223 12,132 0.609 + 0.01
11 Methyl carvacrol 23.142 1231 1241 0.54 £ 0.01
12 Thymol 26.31 1296 1289 41+1
13 Carvacrol 26.52 1300 1298 51£02
14 v-Muurolene 34.676 1496 1478 0.1 £0.01
15 Caryophyllene oxide 37.371 1558 1582 14 +0.1
16 5-Cadinol 39.769 1613 1638 0.213 £ 0.01

Total identified (%) 90.3 + 04

Monoterpenes 39.7£1.1
Oxygenated monoterpenes 47.74 £ 0.52
Sesquiterpenes 0.10 £ 0.01
Oxygenated sesquiterpenes 1.61 £0.11
Others (%) 1.15 £ 0.02

Not identified 9.7+£04

2 LRI, linear retention index determined on a DB-5MS fused-silica column relative to a series of n-alkanes (C8—C40).
b Linear retention index reported in the literature (Adams, 2017). © Relative % is given as the mean + SD (n = 3).

However, the EO of S. officinalis proved to be rich in camphor (29%), a terpene with
antioxidant properties that can be used in food and pharmaceutical industries [34]. The
extensive use of camphor in industries is due to the fact that this monoterpene is associ-
ated with the induction of apoptotic cell death through oxidative stress in a unicellular
eukaryotic model [35]. Previous studies also found camphor as the major compound in
the EO of this species, with its content ranging from 25.1 to 33.6% [36,37]. Khedher et al.
concluded that the antioxidant and antimicrobial activities of the EO may be attributed
to the composition of terpenes, suggesting that the presence of camphor contributes to its
bioactive properties [37].

The significant presence of the aforementioned terpenes is consistently associated
with biological activity. Characterizing and quantifying these compounds provide a better
understanding of the EOs and their potential in future applications, including as natural
additives in food products, antimicrobial agents, and antioxidants.
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2.2. Antioxidant Activity

The results of the two in vitro assays (RP and DPPH) performed to evaluate the
antioxidant activity are presented in Table 2. Overall, O. vulgare and T. vulgaris stood
out for their better antioxidant properties as compared to the other samples, demonstrat-
ing the lowest values of DPPH and RP, respectively. T. vulgaris presented the lowest
ECsp value in the reducing power assay (1.63 mg/mL), closely followed by O. vulgare
(1.69 mg/mL), while O. vulgare performed better in the DPPH assay (9.23 mg/mL) than
T. vulgaris (10.68 mg/mL). Laothaweerungsawat et al. reported that the EO of commer-
cial O. vulgare from Mediterranean regions (Spain) exhibits a lower ECs than the oil
extracted from highland areas in tropical regions (Thailand); however, the results obtained
in this work are in line with those reported in the literature [38]. Similar to O. vulgare EO,
T. vulgaris EO also exhibited lower values of EC5, demonstrating good antioxidant activity,
as previously reported by Mancini et al. when investigating the chemical composition and
antioxidant potential of T. vulgaris collected in three different areas of Italy [39].

Table 2. Antioxidant activity (reducing power and DPPH assays) of Lamiaceae essential oils (ECsg
(mg/mL)).

Antioxidant Activity
RP DPPH

O. vulgare 1.69 + 0.07 € 924064

R. officinalis 2.79 +£0.02° 55.9 £ 0.5
S. officinalis 6.50 & 0.23 2 39.92 +1.21°
T. vulgaris 1.63 £0.04°¢ 10.68 £ 0.31 ¢
E223 0.053 + 0.002 0.043 + 0.004
E302 0.020 + 0.003 0.009 + 0.001
BHT 0.045 + 0.001 0.071 + 0.004

BHT, butylated hydroxytoluene; E302, calcium ascorbate; and E223, sodium metabisulphite. In each column,
different letters (a, b, c and d) mean significant differences (p < 0.05) between extracts.

R. officinalis EO presented the highest value of ECs, particularly for DPPH (55.86 mg/mL),
demonstrating its lower antioxidant capacity. While similar EC5( values were reported by
el Kharraf et al. for the reducing power assay of the R. officinalis EO obtained by steam
distillation [40], in previous studies conducted on the EO extracted through distillation
from R. officinalis grown in Morocco [41], a lower ECsy value was obtained for the DPPH
assay as compared to this study.

Regarding S. officinalis EO, the ECs obtained in the DPPH assay is in agreement with
previous results that reported similar values for the antioxidant activity (ECsp = 8.31 +
0.55 mg/mL) [36]. However, better results were obtained for the reducing power assay
as compared to those (ECsp = 28.5 & 0.3) previously reported [37]. The variations in the
antioxidant potential and the discrepancies in reported values for the same botanical species
can be attributed to various factors, such as geographical region, cultivation conditions,
and plant maturity [42]. The superior antioxidant response exhibited by the essential oils
(EOs) from Origanum vulgare and T. vulgaris may be attributed to the presence of terpenes
belonging to the phenol class, particularly carvacrol and thymol. Previous studies have
demonstrated that terpenes belonging to the class of phenols exhibit higher antioxidant
activity, followed by terpene aldehydes and ketones [43]. However, eucalyptol (ether) and
camphor (ketone) were the predominant terpenes in R. officinalis and S. officinalis, with
lower antioxidant activity being reported for their essential oils.

2.3. Cytotoxicity Potential

Cytotoxicity results of the EOs obtained from the different plants are presented
in Table 3. Four tumoral cell lines, namely AGS (human gastric epithelial cell line),
CaCo2 (human colorectal adenocarcinoma cell line), MCF7 (human breast carcinoma cell
line), and NCI-H460 (human lung carcinoma cell line), were inhibited by all EOs with
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Glsg < 306 ng/mL, demonstrating their cytotoxic potential. The lowest Glsp, denotating
better activity, was observed for O. vulgare EO against all tumoral cell lines, ranging from 45
to 84 ng/mL. The cytotoxicity activity of O. vulgare EO rich in carvacrol was also reported
against human skin cells [44]. On the contrary, the NCI-H460 cell line was the most resistant
against the EOs tested as it showed the highest Gl values. R. officinalis EO presented Glsg
values from 60 to 306 pg/mL, which is in agreement with previous reports [45]. Likewise,
T. vulgaris EO exhibited Glsy values close to those reported against three cellular lines,
namely MCF7, HepG-2 (hepatic carcinoma), and HeLa [39] cell lines.

Table 3. Cytotoxicity activity of Lamiaceae essential oils (GIsg (1g/mL)).

Tumoral Cell Lines Non-Tumoral Culture
(GI5p Values; ug/mL) (GIsp Values; ug/mL)
AGS CaCo-2 MCF7 NCI-H460 VERO
O. vulgare 48+ 4°¢ 45+ 4°¢ 45444 84+3¢ >4002
R. officinalis 60£3°¢ 221 +£112 202 +14° 306 £112 >400 2
S. officinalis 236 +£14° 147 £ 16° 249 £21°2 305+19? 243 +21°b
T. vulgaris 175 £ 11° 156 £10° 159 +13°¢ 243 £ 16° 243 +£11°
Ellipticine (uM) 09401 0.8+0.1 1.020 + 0.004 1.01 £0.01 0.6+0.1

AGS, human gastric epithelial cell line; CaCo2, human colorectal adenocarcinoma cell line; MCEF7, human breast
carcinoma cell line; NCI-H460, human lung carcinoma cell line; and VERO, African green monkey kidney cell line.
In each column, different letters (a, b, c and d) mean significant differences (p < 0.05) between extracts.

In addition, S. officinalis and T. vulgaris showed cytotoxic effects against the non-
tumoral VERO cell line at a Gl5( concentration of 243 ng/mL. Therefore, additional in vivo
studies are necessary to verify the toxicity of these oils for specific applications.

2.4. Anti-Inflammatory Activity

All the EOs extracted from the four evaluated Lamiaceae species demonstrated excel-
lent anti-inflammatory results (Table 4) based on the assay using the macrophage cell line
RAW?264., since all except R. officinalis presented better activity as compared to the positive
control dexamethasone. Among the samples, T. vulgaris had the lowest Glsp (8 pg/mL),
agreeing with the results previously reported [28,46], which also reported the capacity of
T. vulgaris EO to inhibit NO production. S. officinalis and O. vulgare EOs also evidenced
lower Glsg results as compared to the positive control. The EO obtained from R. officinalis
oil showed a Gl5 of 58.1 ug/mL, also in line with the literature [47]. The suppression of
the inflammatory response of these EOs has also been reported in the literature [38,48,49].

Table 4. Anti-inflammatory activity of Lamiaceae essential oils (Glsp (ug/mL)).

Anti-Inflammatory
(GI5p Values; ng/mL)

RAW264.7

O. vulgare 133+0.5P

R. officinalis 581+1°%

S. officinalis 95+01°¢
T. vulgaris g+1d
Dexametasone (M) 16+1

In each column, different letters (a, b, c and d) mean significant differences (p < 0.05) between extracts.

2.5. Antimicrobial Activity

Table 5 reports the antibacterial and antifungal activity of the EOs against foodborne
pathogens. None of the EOs showed bactericidal activity at the maximum concentration
tested (2.5% v/v) against P. aeruginosa, B. cereus, and L. monocytogenes. Overall, O. vulgare
EO demonstrated the highest antibacterial potency, followed by T. vulgaris. The former
notably exhibited bacteriostatic activity against all tested strains, also evidencing the lowest
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MIC values across all bacteria. Additionally, it displayed bactericidal activity at low
concentrations (0.08-0.63%) against four strains (E. coli, S. enterica, Y. enterocolitica, and
S. aureus). T. vulgare EO was ineffective against P. aeruginosa but was able to successfully
inhibit all other assayed bacteria. Compared to O. vulgare EO, T. vulgare EO exhibited a
lower efficacy, as it generally presented higher MIC and MBC values for the same tested
bacteria, except for E. coli, where it showed a lower MBC value.

Table 5. Antibacterial and antifungal activities of Lamiaceae essential oils (% (v/v)).

Antibacterial Activity

O. vulgare T. vulgaris S. officinalis R. officinalis Positive Control
Streptomycin Methicillin Ampicillin
1mg/mL 1mg/mL 10 mg/mL
MIC MBC MIC MBC MIC MBC MIC MBC MIC MBC MIC MBC MIC MBC
Gram-negative bacteria
Escherichia coli 0.1 0.08 0.3 0.31 25 2.5 25 2.5 0.01 0.01 n.t. n.t. 0.2 0.15
Pseudomonas aeruginosa 2.5 25 >2.5 2.5 >2.5 2.5 >2.5 2.5 0.06 0.06 n.t. n.t. 0.6 0.63
Salmonella enterica 0.2 0.16 0.6 1.25 2.5 25 25 2.5 0.01 0.01 n.t. n.t. 0.2 0.15
Yersinia enterocolitica 0.2 0.3 0.3 0.6 2.5 25 25 2.5 0.01 0.01 n.t. n.t. 0.2 0.15
Gram-positive bacteria
Bacillus cereus 0.2 2.5 0.6 2.5 2.5 2.5 2.5 2.5 0.01 0.01 n.t. n.t. n.t. n.t.
Listeria monocytogenes 0.1 2.5 0.6 2.5 1.25 2.5 2.5 2.5 0.01 0.01 n.t. n.t. 0.2 0.15
Staphylococcus aureus 0.3 0.63 1.3 2.5 2.5 25 25 2.5 0.01 0.01 0.01 0.01 0.2 0.15
Antifungal Activity
Ketaconazole
1mg/mL
MIC MEFC MIC MFC MIC MFC MIC MEFC MIC MFC
Aspergillus brasiliensis 0.1 0.31 0.3 0.31 0.31 0.63 0.31 0.63 0.06 0.13
Aspergillus fumigatus 0.1 0.31 0.1 0.31 0.08 0.31 0.08 0.31 0.5 1

Essential oils were tested in the concentration range of 2.5% to 0.039% (v/v). MIC, minimum inhibitory concentra-
tion; MBC, minimum bactericidal concentration; MFC, minimum fungicidal concentration. n.t.—non tested.

Contrary to these two samples, S. officinalis and R. officinalis EOs showed low antibacte-
rial activity, since for most bacteria, they only exhibited bacteriostatic activity at the highest
concentration tested (2.5%, v/v) and bactericidal activity was only evidenced by R. officinalis
EO against E. coli.

Previously reported results were consistent with those of this study, indicating that the
EO of O. vulgaris could be a natural source of antimicrobial compounds. Using a different
method, the agar disk diffusion method, Simirgiotis et al. reported a high sensitivity of
bacteria against O. vulgare EO from Chile [50]. The EO was diluted in ethanol to an ini-
tial concentration of 10% v/v and tested against foodborne bacteria (E. coli, P. aeruginosa,
S. enterica, B. cereus, and S. aureus), exhibiting MIC values between 0.08 and 0.63% (v/v)
and MBC values from 0.08 to 1.25% (v/v). Kosakowska et al. also reported a significant
inhibitory effect using the agar disk diffusion method for O. vulgare EO from Poland [51].
Regarding T. vulgaris EO, prior studies have also demonstrated its inhibitory and bacte-
riostatic effect using the agar disk diffusion method [24,52], aligning with the findings of
this study.

Numerous studies have reported the fungicidal activity of EOs derived from Lami-
aceae plants against a range of fungal pathogens, associating the activity to the volatile
composition that can disrupt fungal cell membranes, inhibit fungal growth, and interfere
with essential cellular processes [1,53-55]. In this work, all the tested EOs had good in-
hibitory and fungicidal potential as they showed values close to (A. brasiliensis) or even
lower than (A. fumigatus) those of the positive control (ketaconazole). The EO of O. vulgare
stood out for its low MIC value (0.08%, v/v) against A. brasiliensis. All tested EOs presented
fungicidal values of 0.31%, with the exception of R. officinalis (0.63%). Notably, A. fumigatus
showed greater sensitivity to all tested EOs, with MIC = 0.08% and MBC = 0.31%.
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3. Materials and Methods
3.1. Sample Preparation

Origanum vulgare L., Rosmarinus officinalis L., Salvia officinalis L., and Thymus vulgaris
L. were kindly provided in dried form by the certified industry Deifil (Pévoa de Lanhoso,
Portugal). Aerial parts of the four Lamiaceae plants were transported to the laboratory
facilities and stored in a dry place, protected from light and moisture. Before analysis, they
were ground to a powder (model A327R1, Moulinex, Barcelona, Spain) to approximately
20 mesh and stored at room temperature.

3.2. Volatile Compounds

The aerial parts of the aromatic edible plants were submitted for essential-oil extraction
by hydrodistillation. For this purpose, the plant parts were kept in the Clevenger apparatus
for 3 h with distilled water in a ratio of 1:20 (m/v). The EO was recovered without the
addition of any solvent, and anhydrous sodium sulfate was added to eliminate any traces
of water from the samples. Subsequently, the EO was diluted in n-hexane (1:100) and
analyzed by GC/MS using a Perkin Elmer system with a Clarus® 580 GC module, Perkin
Elmer, Waltham, MA, USA and a Clarus® SQ 8 S MS module, equipped with a DB-5MS
fused-silica column (30 m x 0.25 mm i.d., film thickness 0.25 um; J & W Scientific, Inc.,
Folsom, CA, USA), under the conditions previously described by [56].

3.3. Bioactivity Evaluation
3.3.1. Antioxidant Activity

Antioxidant properties were evaluated by two in vitro assays, reducing power (RP)
and 2,2-diphenyl-1-picrylhydrazyl (DPPH), as previously described [56]. Results were
expressed in ECsg for the DPPH assay, which translates the concentration of the EO that
scavenges 50% of the radicals, and in ECsg for RP, corresponding to 0.5 of absorbance at
690 nm. For both methodologies, a SpectroStar nano-spectrophotometer reader (Labtech,
Ortenberg, Germany) was used. Butylated hydroxytoluene (BHT), calcium ascorbate (E302),
and sodium metabisulphite (E223), as organic molecules commonly used as food additives,
were used as positive controls.

3.3.2. Cytotoxicity Activity

A sulforhodamine B colorimetric assay was performed to evaluate the cytotoxicity
potential of the samples against four human tumor cell lines, namely AGS (human gastric
epithelial cell line), CaCo2 (human colorectal adenocarcinoma cell line), MCF7 (human
breast carcinoma cell line), and NCI-H460 (human lung carcinoma cell line), following
the methodology previously described by [56]. Furthermore, cytotoxicity against non-
tumoral cells was assessed in VERO (African green monkey kidney) cells. All cell lines
used in the in vitro assays were obtained from Leibniz-Institute DSMZ-German Collection
of Microorganisms and Cell Cultures GmbH. Ellipticine was used as the positive control.
Results were expressed as the concentration of essential oil with the ability to inhibit 50%
of cell growth (Glsg).

3.3.3. Anti-Inflammatory Activity

The murine macrophage cell line (RAW 264.7, European Collection of Authenticated
Cell Cultures) was used to evaluate the anti-inflammatory potential, as described by [56].
Furthermore, a commercial corticosteroid (dexamethasone) was used as a positive control.
The results were presented as the concentration of extract causing 50% inhibition of nitric
oxide (NO) production (ICsp, pg/mL).

3.3.4. Antimicrobial Activity

The antibacterial activity was evaluated using three Gram-positive bacteria, namely
Bacillus cereus (ATCC 11778), Listeria monocytogenes (ATCC 19111), and Staphylococcus aureus
(ATCC 25923), and four Gram-negative strains, namely Escherichia coli (ATCC 25922),
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Pseudomonas aeruginosa (ATCC 9027), Salmonella enterica (ATCC 13076), and Yersinia enterocolitica
(ATCC 8610), following the protocol described by [57]. Two micromycetes, Aspergillus fumigatus
(ATCC 204305) and Aspergillus brasiliensis (ATCC 16404), were used to determine the
inhibitory and fungicidal activity of the essential oils, as described by [56]. Results were
expressed as the minimum inhibitory concentration (MIC) and the minimum bactericidal
or fungicidal concentration (MBC/MFC), as % (v/v) of essential oil.

3.4. Statistical Analyses

Results of assays performed in triplicate were presented as the mean + standard
deviation. The statistical software used for data analysis in this study was SPSS Statistics
(IBM SPSS Statistics for Windows, version 23.0). To assess the statistical differences among
multiple groups, analysis of variance (ANOVA) was performed, followed by a post hoc
Tukey test. The threshold for statistical significance was set at p < 0.05. In cases where the
sample size was less than three, Student’s {-test was used to evaluate significant differences
between two samples, with a significance level of p = 0.05.

4. Conclusions

This study provides valuable scientific knowledge about the composition and bioactiv-
ity of EOs extracted from four Lamiaceae plants. The EOs from the selected plants exhibit
a distinct composition, although all are dominated by oxygenated monoterpenes, with
carvacrol being the main compound in O. vulgare EO, thymol in T. vulgaris EO, eucalyptol in
R. officinalis EO, and camphor in S. officinalis EO. The presence of these bioactive compounds
aligns with the previous literature and supports the diverse and significant biological activ-
ities of the four EOs, including antioxidant, cytotoxic, anti-inflammatory, and antimicrobial
properties. Overall, O. vulgare and T. vulgaris EO demonstrate particularly noteworthy
antioxidant and antimicrobial properties, with O. vulgare EO also exhibiting remarkable
cytotoxic activity against various tumoral cell lines. These findings support their potential
use in various applications, including in food preservation, as antioxidant ingredients, in
applications in smart packaging and antimicrobial packaging, in the cosmetic and pharma-
ceutical fields as natural preservatives, and in aromatherapy applications. In the future,
essential oils can be subjected to the HET-CAM assay to assess the biocompatibility of the
compounds, thereby expanding future prospects for the safe and effective use of these
products in various applications.

Supplementary Materials: The following supporting information can be downloaded at
https:/ /www.mdpi.com/article/10.3390 /molecules29122827 /s1: Chromatograms obtained by GC/MS
of essential oils. Extraction methodology and extraction parameters are described in Section 3.2.
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