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Abstract: In this study, the chemical composition of essential oils (EOs) extracted from Origanum vul-
gare ssp. hirtum Lamiaceae, (oregano), Salvia officinalis Lamiaceae (sage), Mentha pulegium Lamiaceae
(pennyroyal), and respective hydrosols (HSs) has been investigated by Gas Chromatography—-Mass
Spectrometry (GC-MS). The antimicrobial activity was assessed against two oral pathogens: Gram-
positive bacterium Streptococcus mutans and the fungus Candida albicans by determination of Minimum
Inhibitory Concentration (MIC) and Minimum Bactericidal /Fungicidal concentration (MBC/MEFC).
Three-fold diluted solutions were dispensed into each well of a 96-well microtiter plate and, after
incubation, MIC was determined by visual monitoring. The MBC/MFC was determined by transfer-
ring a small quantity of sample contained in each replicate well of the microtiter plates to appropriate
culture media using a microplate replicator. The EOs of the tested herbs showed antimicrobial
properties, especially the EO oil of O. vulgare, which exerted the highest antimicrobial activity. HSs
of S. officinalis and M. pulegium exerted no antimicrobial activity, in contrast to oregano HS, which
displayed strong antimicrobial activity. In all cases, a higher number of compounds were detected in
EOs than in the corresponding HSs. The major compounds of sage EO were detected to be a-thujone
(25.1%), 1,8-cineole (15.8%) and B-pinene (10.0%), while the HS was characterized by the presence of
1,8-cineole (32.6%), borneol (22.6%) and a-thujone (22.4%). Pennyroyal EO and HS consists mainly of
pulegone (62.1 and 50.6%, respectively). Carvacrol was the major component present in EO (63%)
and HS (97.3%) of oregano, probably contributing to the antimicrobial activity. Further research is
needed in order to elucidate the antimicrobial mechanisms of specific compounds present in essential
oils and hydrosols of Lamiaceae grown in Greece against oral pathogens.

Keywords: Greek Lamiaceae; oregano; sage; pennyroyal; essential oil; hydrosol; carvacrol; antimicrobial
activity; oral pathogen

1. Introduction

The oral cavity has been associated with several chronic diseases. There is emerging
evidence that periodontitis is caused by oral pathogens, and it might be considered a risk
factor for cardio-renal morbidity and the development of diabetes mellitus [1]. One of the
most common diseases associated with significant economic impact is dental caries [2]. S.
mutans is a Gram-positive, facultatively anaerobic bacterium, which is a very common cause
of dental caries and other infections of organs such as the heart, skin, joints and central ner-
vous system [2]. 5. mutans is capable of synthesizing an extracellular polymer (designated
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as glucan) from sucrose, thus forming biofilms and allowing colonization of teeth. It is a
lactic acid bacterium producing organic acid from a wide range of carbohydrates [3].

C. albicans is a yeast-like fungus causing opportunistic infections of the oral cavity
(candidiasis), and is one of the most common human fungal infections [4]. C. albicans
is able to metabolize glucose under both aerobic and anaerobic conditions, as well as to
produce exopolysaccharides forming biofilms on dental surfaces [5,6]. Both C. albicans
and S. mutans are able to interact and form dental plaque biofilm associated with early
childhood caries [6]. Therefore, both microorganisms should simultaneously be a target for
antimicrobial agents.

The growing bacterial resistance to antibiotics is a widespread problem nowadays [7],
as well as the resistance of Candida strains to the few available antifungal agents [8]. Fur-
thermore, bacterial resistance to the oral antiseptic chlorhexidine has been significantly
increased [9]. Essential oils (EOs), as well as hydrosols (HSs), of medicinal and aromatic
plants have demonstrated high antibacterial and antifungal activity against multidrug
resistance strains [10-13]. These properties make EOs ideal candidates for replacing chemi-
cal antiseptics like chlorhexidine, which is commonly used in mouthwash and toothpaste
against oral pathogens [9].

EOs contain numerous terpenoid and aliphatic compounds. An essential oil usually
contains two or three major compounds, ranging from 20% to 70%. Despite the fact that
20 to 60 different compounds can be detected in EOs [14], the most abundant compounds
exert antimicrobial, anti-inflammatory and antioxidant activities [15-17].

HSs are obtained during essential oil distillation from medicinal and aromatic plants.
HSs consist of the condensing the water of the distillation process, and by water and
non-water-soluble, polar and non-polar components. Less than 1 g/L of EOs constituent is
dissolved in hydrosols during the distillation, thus contributing to their biological activity
and organoleptic characteristics. HSs” chemical composition and active compounds might
be divergent from the extracted essential oil [13]. HSs have demonstrated antimicrobial
activity, depending on their composition. HSs are implemented in food industry, as well as
cosmetics and perfume industries [18].

Greek oregano (O. vulgare spp. hirtum), European pennyroyal (Menta pulegium), and
common sage (S. officinalis) are aromatic plants belonging to Lamiaceae, and they are culti-
vated and widely used worldwide, due to their pharmaceutical properties [19-22]. Several
studies reported the antimicrobial activity of their EOs [21,23-29], while the antimicrobial
activity of their HSs has not been extensively studied [30]. The aim of this study was to
investigate the chemical profile and the antimicrobial activity exerted by essential oils
and their respective hydrosols of three important medicinal and aromatic plants grown in
Thessaly against oral pathogens for the first time, thus evaluating their potential use in oral
hygiene products.

2. Materials and Methods
2.1. Plant Materials

The plant material of O. vulgare ssp. hirtum, S. officinalis and M. pulegium (Figure 1)
were cultivated in Thessaly, Central Greece (39°22/18.1” N 22°58'26.2" E). Oregano plants
were aged 2 years, sage plants were aged 4 years and pennyroyal plants were aged 1 year.
No fertilizer was applied during the growing season. The oregano and sage plants were not
watered. Regarding the pennyroyal plant, watering was necessary twice per week during
dry season. The oregano, sage and pennyroyal were harvested in July, May and September,
respectively, at full blossom.
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Figure 1. Plants used in this study. (a) O. vulgare ssp. hirtum, (b) S. officinalis, (c) M. pulegium. Photo
records by Alexandros Bairamis.

2.2. Isolation of Essential Oils and Hydrosols

The essential oils (EOs) of herbs were isolated by steam distillation right after harvest-
ing [31,32]. The distillation process was carried out with a steam distiller of two-hundred-
liter capacity, and lasted 3 h for the O. vulgare. From 80 kg of fresh herb, 500 mL of essential
oil and 22 L of hydrosol were produced [33]. S. officinalis was distilled for 2 h. From 70 kg of
fresh herb, 120 mL of essential oil and 15 L of hydrosol were produced [34,35]. M. pulegium
was distilled for 2 h. From 80 kg of fresh herb, 150 mL of essential oil and 15 L of hydrosol
were produced [36]. The essential oils were stored in dark glass bottles at 4 °C.

The hydrosols (HSs) recovered after the steam distillation of the herbs were extracted
three times (Figure 2) using diethyl ether in a separatory funnel by a liquid-liquid extraction
procedure. The organic solvent was removed via nitrogen gas flow to acquire the volatile
oil. Then, HSs were dried using anhydrous NaySQy, filtered, and stored under the same
conditions as the EOs.
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Figure 2. Flow chart from plant material to the GC-MS analysis of the EOs and HSs extracts.

2.3. Gas Chromatography—Mass Spectrometry (GS-MS) Analysis of EOs and HDs of Herbs

The separation and identification of EOs and HSs volatile compounds was carried out
using a gas chromatograph (Trace Scientific GC Ultra, Thermo Scientific, Ltd., Waltham,
MA, USA), equipped with a column (30 m length, 0.25 mmlID, 0.25 um film’s thickness),
combined with a mass spectrometer (Thermo-5MS, Thermo Scientific, Ltd., Waltham, MA,
USA). The samples were analyzed according to chromatographic conditions, as previously
described, with some modifications [37]. The carrier gas was Helion (He), with a 1 m/min
flow. The column temperature was initially at 60 °C, and increased gradually up to 250 °C
on a 3 °C/min rate (the duration of each analysis was 63.33 min). The samples were
introduced manually by the spitless mode in the impot system (GC) at 220 °C. The detector
MS was set in the electron impact mode (70 ev) at a temperature of 260 °C (MS transfer line).
A mixture of n-alkanes (Cg-Cp) was analyzed with the same method of analysis, in order
to calculate the Retention Index of each compound, according to [38]. The identification of
volatile compounds of EOs and HSs was based on the matching of its calculated RI and
mass spectrum with data of spectral libraries (Adams07, NIST 08 and X-calibur, version 4.1),
and data of bibliography. The quantification (%) was made by calculating the ratio between
each chromatographic peak area and the sum of total peak area of compounds.

All data (chromatographic and spectroscopic) were recovered by X-Calibur software,
version 4.1.
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2.4. Streptococcus mutans and Candida albicans Strains and Growth Conditions

The S. mutans strain was isolated identified and characterized by standard laboratory
methods (kindly provided by Professor Elizabeth Koulaouzidou, School of Dentistry, Aristo-
tle University, Thessaloniki, Greece). S. mutans was routinely grown in Brain Heart Infusion
(BHI) broth or agar (Conda, Madrid, Spain) according to CLSI (former NCCLS) guidelines.

C. albicans was identified and characterized by standard laboratory methods (kindly
provided by Professor Timoleon-Achilleas Vyzantiadis, School of Medicine, Aristotle Uni-
versity, Thessaloniki, Greece). C. albicans was routinely grown in RPMI 1640 supplemented
with w/25 mM Hepes w/L-Glutamine (Biosera, Cholet, France) or Sabouraud dextrose
agar (Neogen, Heywood, UK) according to the CLSI (former NCCLS) guidelines.

2.5. Determination of S. mutans Minimum Inhibitory Concentration (MIC) and Minimum
Bactericidal Concentration (MBC)

Determination of MIC of HSs, EOs and 98% pure carvacrol (Sigma-Aldrich, Steinheim
am Albuch, Germany) was carried out in sterile 96-well polystyrene microtiter plates
(KiskerBiotech GmbH& Co. KG, Steinfurt, Germany). Bacterial cultures grown overnight in
BHI broth were incubated under anaerobic conditions in an AnaeroJar AG25, implementing
the AnaeroGen Atmosphere Generation system (Oxoid, Basingstoke, UK), at 37 °C for
24 h. Resazurin sodium salt was used as an indicator of anaerobic conditions (Alfa Aesar,
ThermoFisher GmbH, Munich, Germany) (30 mg/1t). Bacterial culture was adjusted to
0.5 McFarland turbidity standard (~1.5 x 108 CFUs/mL). HSs were diluted in BHI broth
at different concentrations ranging from 100% to 10% (v/v). EOs samples and carvacrol
were diluted in sterile and distilled water with Tween-20 (BDH Chemicals Ltd., Poole,
UK) at concentration 0.5% v/v, then diluted in BHI broth at different concentrations
ranged from 0.5% to 0.0175% (v/v). Subsequently, approximately 5 x 10* CFUs/mL
in 10 uL. BHI broth was added to 190 uL of the tested diluted HSs, EOs and carvacrol
and were incubated under anaerobic conditions at 37 °C for 24 h. Positive control wells
containing BHI broth inoculated with bacteria tested the growth of the pathogen. Similarly,
control wells containing 0.5% v/v Tween-20 and BHI broth inoculated with bacteria tested
the growth of the pathogen in the presence of the detergent. Negative control wells
containing hydrosols, EOs, carvacrol and Tween-20 dilutions in BHI broth without bacteria
were included. Negative control wells containing only BHI broth were used to test for
possible contamination. The MIC was determined as the lowest concentration which
results in 100% growth inhibition [39]. MICs were determined in triplicate in at least
two-independent experiments.

The lowest concentration of any antibacterial agent that could kill the tested bacte-
ria is considered the Minimum Bactericidal Concentration (MBC). The MBC was deter-
mined by transferring a small quantity of sample contained in each replicate well of the
microtiter plates to BHI agar plates by using a microplate replicator (Boekel Scientific,
Feasterville-Trevose, PA, USA). The plates were incubated at 37 °C for 24 h under anaerobic
conditions [40].

2.6. Determination of C. albicans Minimum Inhibitory Concentration (MIC) and Minimum
Fungicidal Concentration (MFC)

The susceptibility test of C. albicans was performed based on the M27-A2 method [41]
with some modifications. Determination of the minimum inhibitory concentration (MIC)
of hydrosols and EO and carvacrol was carried out in sterile 96-well polystyrene microtiter
plates (Kisker Biotech GmbH & Co. KG, Steinfurt, Germany). Fungal cultures were
grown at 35 °C for 24 h in Sabouraud dextrose agar (Neogen, Lansing, MI, USA) plus
chloramphenicol at 50 mg/L (Serva, Heidelberg, Germany). The inoculum was prepared
by suspending C. albicans in saline, and was adjusted to 0.5 McFarland turbidity standard
(~1.5 x 108 CFUs/mL). Cell suspensions were further diluted with RPMI 1640 medium
(Biosera, Cholet, France), in a 1:20 ratio. HSs were diluted in RPMI 1640 at different
concentrations ranging from 100% to 10% (v/v), decreasing by 5% v/v each time. EOs
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samples and carvacrol were diluted in sterile and distilled water with Tween-20 (Serva,
Heidelberg, Germany) at concentration 0.5% v/v, then diluted in RPMI 1640 at different
concentrations ranging from 0.5% to 0.0175% (v/v). A total of 10 pL of cell suspension was
added to 190 pL of the tested diluted hydrosols, EO, and carvacrol, and incubated at 35 °C
for 48 h. Positive control wells containing RPMI 1640 were inoculated only with C. albicans.
Similarly, control wells containing 0.5% v/v Tween-20 and RPMI 1640 broth inoculated
with bacteria tested the growth of the pathogen in the presence of the detergent. Negative
control wells contained hydrosols, EO, carvacrol and Tween-20 dilutions in RPMI 1640
without inoculated fungus. Furthermore, control wells containing only RPMI 1640 were
used to assess possible contamination. MIC was the lowest concentration of our tested
sample that inhibited visual growth of C. albicans [41]. MICs were determined in triplicate
in at least two independent experiments.

The lowest concentration of any antifungal agent that might kill tested fungus is
considered the Minimum Fungicidal Concentration (MFC). MFC was determined by trans-
ferring a small quantity of sample contained in each replicate well of the microtiter plates
to Sabouraud dextrose agar plus chloramphenicol plates by using a microplate replicator.
The plates were incubated at 35 °C for 48 h. The MFC was determined as the lowest
concentration of tested sample at which no fungal growth was observed.

3. Results and Discussion
3.1. Essential Oil and Hydrosol Extract Chemical Profile Implementing GS-MS Analysis

The chemical profile of O. vulgare ssp. hirtum, S. officinalis and M. pulegium essential
oils (EOs) and hydrosols (HSs) were determined by GC-MS analysis. The chemotype of
EOs described in the literature and all identified compounds in this study, as well as their
relative percentage (%), are presented in Tables 1 and 2.

3.1.1. O. vulgare Essential Oil and Hydrosol Extract Chemical Profile

The essential oil of O. vulgare contained eight major compounds, comprising 92.2%
of the total EO. The major compound was carvacrol (63.0%), followed by its precursors
p-cymene (11.8%) and <y-terpinene (8.4%). Other compounds were detected at relatively
low levels: B-myrcene (2.0%), a-pinene and E-caryophyllene (1.9%), thymol (1.8%), and
a-terpinene (1.6%). Similar findings have been reported by other studies, demonstrating that
the essential oil of O. vulgare, cultivated in Greece, consists of mainly carvacrol, p-cymene,
y-terpinene, while a-terpinene, thymol, E-caryophyllene, a-pinene were reported as minor
constituents [19,20,42,43]. Baranauskiene et al. [23], reported that this oregano subspecies,
which is characterized by carvacrol chemotype (72.4-88.2%), contains its isomer thymol in
low percentages or traces, which is typical for Greek oregano (O. vulgare spp. hirtum) [44,45].
In contrast, other studies that reported the chemical profile of oregano derived from other
Mediterranean areas showed differences in chemotype of O. vulgare (Table 1). The main
compound of Italian O. vulgare EO was trans-sabinene hydrate [24], and was thymol and
y-terpinene for Sicilian [46]. These data demonstrate that the chemotype of carvacrol
Origanum vulgare spp. hirtum might be detected mainly in Greece.

As shown in Table 2, the O. vulgare HS was consisted almost entirely of carvacrol at
(97.3%). Of note, carvacrol was detected in O. vulgare HS, apparently in a much higher
percentage compared to EO. This profound difference could be attributed to the fact
that some non-polar molecules, especially terpene hydrocarbons («-pinene, a-myrcene,
o-cymene, - and B-terpinene), are detected only in EOs [47].
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Table 1. Chemotype of O. vulgare ssp. hirtum, S. officinalis and M. pulegium essential oil from

according to country origin, as described in the literature.

Chemotype Main Compounds Country Origin ~ References
Origanum vulgare ssp. hirtum
Carvacrol (80%), y-terpinene (6.5%), p-cymene . .
Carvacrol (2.5%), caryophyllene (2.5%) Lithuania [23]
Carvacrol/y-terpinene Carvacrol (30%), y-terpinene (23%), p-cymene (10%) Poland [45]
e trans-Sabinene hydrate (31%), carvacrol (23%),
trans-Sabinene hydrate/carvacrol 4-terpineol (10%), linalyl acetate (5%) Italy [24]
) . Thymol (54%), y-terpinene (13%), p-cymene (6.5%),
Thymol/~-terpinene a-terpinene (2%), B-myrcene (1.5%) ttaly 46l
Salvia officinalis
a-Thujone, 1,8-cineole, B-pinene (16%),
a-Thujone/1,8-cineole/ B-pinene B-caryophyllene (9%), a-humulene (8.5%), borneol Germany [48]
(6%), B-thujone (4%), camphene (2%)
Inflorescence: B-thujone (15%), 1,8-cineole (15%),
Inflorescence: B-thujone/1,8- camphor (13%), borneol (10%), a-thujone (6%), ledol
cineole/camphor/borneol, Leaves: (6%), B-pinene (3%), Leaves: a-thujone (20%), China [49]
a-thujone/ B-pinene/1,8-cineole B-pinene (15%), 1,8-cineole (15%), ledol (8%),
borneol (7%), B-thujone (6%)
Inflorescence: a-Thujone (20-42%), (E)-caryophyllene (1-16%),
a-thujone/ E-caryophyllene/manool, manool (4-15%), viridiflorol (3—-13%), 1,8-cineole
Leaves: (3-14%), camphor (1-22%), borneol (1-5%), India [50]
a-thujone/1,8-cineole /camphor, a-humulene (1.5-4.5%), B-pinene (1-4%), B-thujone
Stems: a-thujone/manool (1-4%)
L Camphor (24%), a-thujone (23%), sclareol (10%),
Camphor/a-thujone camphene (9%), B-thujone (8%) Egypt (51]
a-Thujone (22%), camphor (12%), viridiflorol (12%),
a-Thujone/camphor/viridiflorol manool (9%), 1-octen-3-ol (8%), 1,8-cineol (7%), Romania [52]
B-thujone (5.5%)

R . . a-Thujone (25%), 1,8-cineole (15%), borneol (11%), .

a-Thujone/1,8-cineole /borneol camphor (11%), B-pinene (10%), -gurjunene (8%) South Brazil [27]
Camphor (34%), 1,8-cineole (22%), a-thujone (21%),

Camphor/1,8-cineole camphene (5%), B-thujone (4%), borneol (3%), Tunisia [53]
a-pinene (2%), p-cymene (1%), B-pinene (1%)
[ a-Thujone (8-20%), camphor (8-20%), borneol
«-Thujone/camphor/caryophyllene (3-17%), y-muurolene (3—4%), sclareol (6-23%). ttaly (221
Mentha pulegium
Pulegone (71%), neo-menthol (11%), iso-pulegol .

Pulegone (2%), piperitenone (1.5%) Algeria (21]
Menthone (36%), pulegone (23%), neo-menthol (9%),

Menthone/pulegone 8-hydroxy-0-4(5)-p-menthen-3-one (2%) Portugal [54]
Pulegone (75%), D-limonene (9%),

Pulegone 2-(2,2,4-trimethyl-3-cyclopenten-1-yl) ethanol (5%), Morocco [55]
verbenone (3%)

Pulegone/menthone Pulegone (410/0), menthone (21%), a-terpineol (8%), Morocco [25]
humulene (5%)
Pulegone (34%), a-terpinyl acetate (24%),bicyclo

Pulegone/a-terpinyl acetate [3.1.0] hexane, 6-isopropylidene-1-methyl (13%), Morocco [26]
1,8-cineole (10%), a-humulene (5%), a-pinene (5%)

Pulegone, pulegone/piperitenone

oxide, piperitenone Pulegone (2.5-52%), piperitenone oxide (0.2-45%),

oxide/trans-piperitone epoxide, trans-piperitone epoxide (0-29%), 1,8-cineole

pylegone/1,8-cineole, (0-33%), limonene (0-34%), menthone (0.2-30%), Tran [56]

pulegone/limonene, piperitenone (0.2-13%), caryophyllene oxide

pulegone/menthone, (0.2-8%), neo-iso-menthol (0.4-8%), menthol

pulegone/piperitenone/ment-hone,
1,8-cineole/trans-piperitone epoxide

(0.2-5%)
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Table 2. Chemical composition of Origanum vulgare ssp. hirtum, Salvia officinalis and Mentha
pulegium essential oils and hydrosols.

Relative Percentage Area (%)

No. Compounds * RI LRI EOs HSs

OVH SO MP OVH SO MP
1 a-Pinene 939 932 19 2.9 - - - -
2 Camphene 957 946 - 2.0 - - - -
3 3-Octanol 970 988 - - 2.5 - - -
4 B-Pinene 984 974 - 10.0 - - - -
5 B-Myrcene 990 988 2.0 - - - - -
6 a-Terpinene 1020 1014 1.6 - - - - -
7 o-Cymene 1032 1022 11.6 - - - - -
8 1,8-Cineole 1040 1026 - 15.8 - - 32.6 -
9 v-Terpinene 1063 1054 8.4 - - - - -
10 a-Thujone 1113 1101 - 25.1 - - 224 -
11 B-Thujone 1126 1112 - 5.0 - - 34 -
12 Menthone 1132 1148 - - 7.8 - - 2.6
13 Isomenthone 1134 1158 - - 7.7 - - 1.0
14 Camphor 1160 1141 - 2.9 - - 11.3 -
15 Borneol 1181 1165 - 5.1 - - 22.6 -
16 Terpinen-4-ol 1187 1174 - - - - 3.0 -
17 Pulegone 1213 1133 - - 62.1 - - 50.6
18 Piperitone 1230 1249 - - 11.3 - - 324
19 Thymol 1296 1289 1.8 - - - - -
20 Carvacrol 1269 1298 63.0 - - 97.3 - -
21 E-Caryophyllene 1419 1417 1.9 7.8 - - - -
22 a-Humulene 1475 1452 - 7.8 - - - -

* Compounds are presented according to elution order from Thermo-5MS column. RI: Retention Index from
calculation, LRI: Retention Index from literature. EOs: essential oils, HSs: hydrosols, OVH: O. vulgare ssp. hirtum,
SO: S. officinalis, MP: M. pulegium.

3.1.2. S. officinalis Essential Oil and Hydrosol Extract Chemical Profile

In total, ten major compounds were detected in S. officinalis EO, accounting for 84.4%
of the total essential oil. The most abundant compounds, representing 50% of essen-
tial oil, were a-thujone (25.1%), 1,8-cineole (15.8%) and B-pinene (10.0%). Moreover, E-
caryophyllene and a-humulene were found at equal and lower percentage (7.8%), as well
as B-thujone and borneol (5.0%). The lowest percentages corresponded to a-pinene and
camphor (2.9%), as well as camphene (2.0%). These compounds were commonly found
in the essential oil of S. officinalis, though with different percentages depending on the
season, geographic origin, environmental factors, extraction methods, plant organs, sam-
pling techniques, and genetic differences. In agreement with this study, Tibaldi et al. [48],
reported that the EO of S. officinalis inflorescence cultivated in Germany (Table 1) was
mainly composed of a-thujone, 1,8-cineole, B-pinene and E-caryophyllene. In addition,
Li et al. [49] attributed the difference regarding the chemical composition of S. officinalis
EO to the part of the plant. The compounds B-thujone, 1,8-cineole and camphor were
most abundant in the EO of S. officinalis leaves, while a-thujone, B-pinene and 1,8-cineole
were most abundant in the EO of S. officinalis flowers. Furthermore, in another study
of whole aerial parts of S. officinalis from India, the percentages of a-thujone, 1,8-cineole,
E-caryophyllene, viridiflorol, B-pinene and borneol were found to be higher in the essential
oil. Similarly, it was reported that the total content of thujone was lower in inflorescence in
comparison to stems, contrary to the observed trend of B-pinene accumulation [50]. On
the other hand, data presented in previous studies on S. officinalis EO indicated that the
most abundant constituents were a-thujone and camphor [51,52]. Moreover, recent studies
of S. officinalis cultivated in South Brazil [27] and Tunisia [29,53], reported that the EOs
mainly contained a-thujone, 1,8-cineole and camphor. Russo et al. [22] reported that the
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most abundant compounds in EO samples of S. officinalis cultivated in Italy were a-thujone,
camphor, borneol, y-murolene and sclareol. Besides well-explained differences among
Salvia species, intra-species variability is known to affect chemical composition. Chemical
composition is also affected by geographical origin, plant part, phenological stage and
culture conditions [57]. It has been previously reported that clary sage under water stress
exhibited reduced growth and altered chemical composition than clary sage under regular
irrigation [58]. Moreover, different chemotypes of S. officinalis might be attributed to the
plant age and drying process [48]. Usano-Alemany et al. conducted an analysis of essential
oils extracted from eleven mother plants of Spanish sage, some of them collected in the
wild and the rest cultivated, over four years at three different phenological stages, and
they concluded that the chemical composition was strongly affected by the genotype. It
was also clear that the year of harvest significantly affects EO chemical profile, while the
phenological stage of the plant was not that important [59].

The chemical profile of S. officinalis HS showed six identified compounds accounting
for roughly 95.3% of the overall extract. The most abundant compounds were 1,8-cineole
(32.6%), borneol (22.6%), a-thujone (22.4%) and camphor, alongside B-thujone (3.4%) and
terpinene-4-ol (3.0%). In the case of S. officinalis, in HSs, fewer compounds were identified,
and in higher percentages relative to the EO. Of note, only in S. officinalis HS was terpinene-
4-ol found, while a-pinene, camphene, E-caryophyllene and a-humulene were not detected
at all. This compound variability could be explained, besides the low water-solubility of
terpene hydrocarbons (camphene, a-and B-pinene), because the rest of compounds are
oxygenated terpenes exhibiting greater tendency to form hydrogen bonds, thus leading to
higher solubility in hydrosol [60].

3.1.3. M. pulegium Essential Oil and Hydrosol Extract Chemical Profile

Five compounds were detected in EO of M. pulegium, accounting for 91.4% of the
total oil. The most abundant compound was the monoterpene ketone, pulegone (62.1%).
Piperitone was found to be the second most abundant compound (11.3%). The two isomers,
methone and isomethone, were present at a lower percentage (7.8%), while 3-octanol
was found at the lowest percentage (2.5%). According to previous studies, the chemical
composition of M. pulegium EO, is qualitatively and quantitatively variable regarding
the main compounds, depending on the region of cultivation. The GC-MS analysis of
M. pulegium EO, from Algeria, produced by steam distillation showed that pulegone
and neo-menthol were the major compounds, followed by menthone, cis-isopulegone
and piperitenone [21]. Another study of M. pulegium EO, from Portugal, revealed that
contained a complex mixture consisting mainly of menthone and pulegone, and to less
extend by neo-menthol and 8-hydroxy-J-4(5)-p-menthen-3-one [54]. In similar studies on
the chemical composition of Moroccan M. pulegium EQ, significant variability has been
reported. One study reported that pulegone was the most abundant compound, followed
by D-limonene, 2-(2,2,4-trimethyl-3-cyclopenten-1-yl) ethanol and verbenone [55], whereas
in another study, pulegone and menthone were the major constituents, and 1,8-cineole,
a-terpineol, verbenone and humulene were minor [25]. Mollaei et al. [56] studied EOs
produced from twelve M. pulegium populations from Iran, and they reported that the
most abundant compounds were pulegone, menthone, limonene, 1,8-cineol, piperitenone
oxide and trans-piperitone epoxide. The variability of M. pulegium, chemotypes described
in the literature, could be attributed to the growing conditions, drying process, harvest
year, vegetation phase, and essential oil quality, as well as environmental conditions and
plant parts that undergo distillation [48]. It is known that morphology, growth, yield,
and secondary metabolite production in Mentha species are affected by (micro)climate [61].
Furthermore, the diversity and concentration of secondary metabolites of M. pulegium could
be affected by plant growth factors such as salinity, irrigation, and genetic background [62].

Four compounds were detected in M. pulegium HS, accounting for 86.6% of the total
extract. The major compounds were pulegone (50.6%) and piperitone (32.4%), while the
isomers menthone (2.6%) and isomenthone (1.0%) were found to be minor compounds.
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Comparison of the chemical composition of EOs and HSs of herbs showed that EOs
contained more compounds, and several studies are in agreement with that [18,47,63]. The
chemical profile of M. pulegium HS was the same with the respective EO, but in lower
proportions, with the notable exception the absence of 3-octanol. Pulegone, piperitone,
menthone and isomenthone are monoterpene ketones with high polarity, thus hydrophilic
tendency [18].

3.2. Antimicrobial Activity

Sage and pennyroyal HSs did not exert high enough antimicrobial activity against
the tested oral pathogens so neither MIC nor MBC/MEFC could be determined. However,
oregano HS exerted antibacterial activity against both tested pathogens. MIC was deter-
mined at 25% v/v and 35% v/v for S. mutans and C. albicans, respectively. MFC value was
equal to MIC for C. albicans, whereas MBC was determined at slightly higher value of 30%
v/v for S. mutans (Table 3). On the contrary, all tested EOs demonstrated antimicrobial
activity against both pathogens, ranging from 0.05% v/v to 0.45% v/v regarding MIC for S.
mutans, and 0.05% v/v to 0.4% v/v regarding MIC for C. albicans. Similarly, MBC/MFC
values were determined, ranging from 0.05% v/v to 0.45% v/v for S. mutans, and from
0.05% v/v to >0.5% v/v for C. albicans (Table 3). Apparently, oregano essential oil exerted
the strongest antimicrobial activity against both tested pathogens. Sage EO demonstrated
the second highest antibacterial activity against S. mutans (MIC 0.25% v/v and MBC at
0.35% v/v), whereas pennyroyal EO was the second most active against C. albicans (both
MIC and MFC determined at 0.25% v/v).

Table 3. MIC, MBC and MFC results. ND: Not determined.

Streptococcus mutans Candida albicans
MIC % v/v MBC % vlv MIC % vlv MEC % vlv
Hydrosol
O. vulgare ssp. hirtum 2 30 3 3
Hydrosol
S. officinalis ND ND ND ND
Hydrospl ND ND ND ND
M. pulegium
Essential oil 0.05 0.05 0.05 0.05
O. vulgare ssp. hirtum
Essential oil
. officinalis 0.25 0.35 0.40 >0.5
Essential oil 045 045 0.25 0.25
M. pulegium
Carvacrol (98%) 0.0315 0.0315 0.0175 0.0315

The most abundant active substance carvacrol, present in oregano EO was tested
as control for comparison. Both MIC and MBC were determined at 0.0315% ©v/v, cor-
responding to roughly 63% of carvacrol measured by GC-MS in oregano EO. Similarly,
carvacrol MIC and MFC against C. albicans was determined at 0.0175% v/v and 0.0315%
v/v, respectively.

The quest to develop novel antimicrobial agents against resistant microorganisms is
continuous nowadays [64,65]. The EOs of aromatic and medicinal plants is a great source
of antimicrobial and food preservative compounds [66]. EOs have been proposed for many
applications, such as postharvest antifungal agents, against phytopathogenic bacteria, food
preservatives, or even as compounds in active packaging [66—69]. Antimicrobial activity
might be attributed to EO synthesis rich in terpenoids, alcoholic compounds, ketogenic
bodies, phenols, aromatic phenols, and other secondary plant metabolites [66].The main
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issue regarding the application of EOs in the health, agriculture, cosmetics, and food
industries is the compound volatility EOs extracted from the same herbal species, which
might have a different chemical synthesis depending on the extraction method, climate
diversity, or even seasonal variation [14,70].

Oregano EO exerted the highest antimicrobial activity. The very high antifungal activ-
ity of oregano EO against C. albicans compared to other EOs like cinnamon, thyme, and
ginger, has been demonstrated in a previous study, whereas MIC and MFC values were
ranging from 200 to 800 pg/mL regarding 60 C. albicans isolates (30 resistant and 30 suscep-
tible to fluconazole), which are comparable to our results [71]. Our findings demonstrated
the high antimicrobial activity exerted by carvacrol, present in oregano essential oil. MBC
and MFC values at 0.05% v/v for the oregano essential oil which, according to GS-MS
analysis, contained 63% carvacrol, was directly comparable to the MBC and MFC value at
0.03 % v/v of pure (98% v/v) carvacrol used as a control. Identification of carvacrol as the
major antimicrobial compound in oregano EO might be used to form a classification system
of antimicrobial activity exerted by oregano EOs of even different chemical compositions.
However, other compounds present in oregano EO might negatively affect antimicrobial
activity. A recent study on the antibacterial activity against Staphylococcus aureus demon-
strated that thymol and carvacrol present in oregano EO exhibit antagonism [72]. Thymol
and carvacrol ratio might vary in oregano essential oils [73], so it is imperative to conduct
further antimicrobial studies on oregano EOs of different chemical composition.

Despite the fact that sage EO in this study has exerted lower antibacterial activity
(MBC 0.35% v/v) compared to oregano EO, a recent study has demonstrated increased
activity against Streptococcus pyogens biofilm formation [74]. Furthermore, a clinical study
showed that an implemented sage extract reduced the colony number of S. mutans in
dental plaque in 11-14 year old children [75]. Bacterial species like S. mutans adhere to the
primary colonizers, mainly Streptococcus sanquis and Actinomyces viscosus, by cell-to-cell
interactions, leading to biofilm formation on teeth [2]. Therefore, sage EO might be an
essential compound in mouthwash solutions.

Pennyroyal essential oil in this study exerted lower antibacterial activity at 0.45% v/v
than antifungal activity against C. albicans (0.25% v/v). Pennyroyal is an herb belonging
to the Mentha genus. These herbs are widely used in EO production of high commercial
value, exceeding USD 400 million. Moreover, Mentha species are used as additives in many
spice mixtures used in foods because of their aroma and flavor [76]. The antimicrobial
activity exerted by Mentha Eos, in combination with their intense aroma and flavor, make
them attractive constituents in oral hygiene products. Nevertheless, according to European
Medicines Agency (EMA), there is a maximum daily intake for pulegone, which is the
major substance of pennyroyal essential oil (62.1%) [77]. Therefore, the implementation
of pennyroyal EO should be limited, and the maximum daily intake should be taken into
account in commercial product development.

Although hydrosols are considered distillation byproducts [18,78], they exert some
biological properties. Hydrosols are chemically different regarding the volatile compounds
compared to EOs [18]. In this study, G5-MS analysis demonstrated that the main oregano
HS volatile component is carvacrol, which exerts strong antimicrobial activity [60]. This
finding implies that oregano hydrosol might be an ingredient of oral hygiene products
exerting antimicrobial activity.

Hydrosols from sage and pennyroyals have not demonstrated any antibacterial or
antifungal activity. However, they contain active volatile components, as depicted in the
GS-MS analysis. A common usage of HSs in cosmetics is to replace water by adding active
ingredients [18]. In the case of a mouthwash solution produced by natural ingredients,
hydrosols might have the same application. HSs could make more palatable the flavor of
the product, and might increase its antioxidant activity. In that respect, the application of
hydrosols from sage, thyme, and peppermint as mouthwash ingredients clearly reduced
mucositis in patients undergoing chemotherapy in a randomized controlled pilot study [79].
Nevertheless, further studies (including in vivo studies and clinical trials) must be carried
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out in order to fully elucidate the spectra and the mechanisms of antimicrobial activity
exerted by EOs and their respective hydrosols distilled from a plethora of herbs grown
in regions characterized by high plant diversity and certain (micro)climates (especially
xerothermic) in order to develop commercial products.

4. Conclusions

This study reported, for the first time, the detailed chemical profiles of EOs and HSs
produced by three important Lamiaceae species cultivated in Thessaly (central Greece).
Furthermore, this study demonstrated the high antimicrobial activity exerted by O. vulgare
ssp. hirtum EO against oral pathogens, which is attributed mainly to carvacrol. Similarly,
significant antimicrobial activity has been exerted by S. officinalis and M. pulegium EOs.
Oregano HS was the only one that exerted antimicrobial activity. Nevertheless, GC-MS
analysis of S. officinalis and M. pulegium HSs detected certain terpenes, which add flavor
and aroma. Therefore, it is feasible that the EOs, as well as HSs, of the tested Lamiaceae
species could be implemented to food and cosmetics industries as antimicrobial ingredi-
ents or preservatives. Our finding regarding the chemical composition and the in vitro
antimicrobial activity of EOs and HSs against oral pathogens are promising, and could
lead to oral hygiene product development. However, further in vivo studies, as well as
clinical trials, should be conducted in order to assess the efficacy and safety of Lamiaceae
EOs and HSs.
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