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Abstract: The chemical profile of the essential oil (EO) of the aerial parts of Thymus leucotrichus var.
creticus (Lamiaceae), a taxon not previously studied, was investigated by GC-MS analysis, using
a DB-Wax polar column. Oxygenated monoterpenes and monoterpene hydrocarbons dominate
the EO, with thymol (46.97%) and p-cymene (28.64%) as the main constituent of these two classes,
respectively. The ability of the EO of T. leucotrichus to reduce Cd toxicity was studied in aquatic
moss Leptodictyum riparium. To study EO-induced tolerance to Cd toxicity, apex growth, number of
dead cells, DNA damage and antioxidant response in gametophytes were examined. The exogenous
application of the EO yields a resumption of growth rate and a reduction in the number of dead
cells; it also reduces the oxidative stress induced by Cd, as demonstrated by the reduction of the
ROS content (with a decrease of 1.52% and 5%) and by the increased activity of antioxidant enzymes
such as superoxide dismutase (SOD) (with an increase of 1.44% and 2.29%), CAT catalase (1.46% and
2.91%) and glutathione-S-transferase GST (1.57% and 1.90%). Furthermore, the application of the
EO yields a reduction of DNA damage. These results clearly indicate the protective capacity of the
EO of T. leucotrichus in modulating the redox state through the antioxidant pathway by reducing the
oxidative stress induced by Cd.

Keywords: Thymus leucotrichus var. creticus; essential oil; thymol; p-Cymene; antioxidant activity;
DNA damage

1. Introduction

Cadmium is a well-known toxic element that damages the health of living organisms,
therefore it represents an ecologically dangerous toxic metal. Given that Cd enters the
food chain through plants, it is interesting to determine how plants respond to Cd. Plants
growing in a growth medium with the addition of Cd show biochemical and physiolog-
ical disorders such as growth inhibition, damage to membrane functions, alteration of
ion homeostasis, decrease of water and nutrient transport, inhibition of photosynthesis,
impaired metabolism, altered activities of several key enzymes and even cell death [1].
This results in excessive accumulation of reactive oxygen species (ROS) and methylglyoxal
(MG), which can cause lipid peroxidation, protein oxidation, enzyme inactivation, DNA
damage and interact with other plant cell constituents [2].

Cadmium can negatively affect plant growth, and its toxic effects might be apparent
at both the morphological and physiological levels [3]. Nevertheless, the threshold of
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phytotoxic concentrations of Cd is very different across plants and depending on species,
ecotypes, cultivars, etc. [4].

Many studies have shown that bryophytes are better than lichens and vascular plants
at monitoring and tolerating heavy metal pollution in urban areas, as they are bioindicators
and bio-accumulators of metals in the environment [5,6].

Leptodictyum riparium is an aquatic moss model used in environmental monitoring
studies as it responds consistently to heavy metal-induced perturbations by activating a
series of defense mechanisms. In particular, in recent years, the antioxidant response of
moss to stress of both a pool of heavy metals and Cd alone has been studied [7,8].

The benefits that EOs have on health are already reported in ancient literature. Some
of the purported beneficial functions of Eos—antiseptic, antioxidant and anti-inflammatory
properties—have been supported by recent scientific investigation.

EOs have always been widely used for various purposes, not only as condiments
for flavoring foods, ingredients in perfumes or in cosmetic applications, but also, and
above all, for medical purposes, having demonstrated antibacterial, antifungal, virucidal,
antiparasitic and insecticidal properties, as well as being a good analgesic, sedative and
anti-inflammatory, hence being widely used in pharmaceutical industry.

When we speak of EOs, we are referring to volatile, natural compounds with a complex
composition that are fat-soluble and soluble in organic solvents and which generally have
a density lower than that of water. They are also characterized by a strong odor and are
obtained from aromatic plants as secondary metabolites.

In nature, EOs play an important role in plant protection by virtue of their antibacterial,
antiviral, antifungal, insecticidal and antioxidant properties.

The genus Thymus of the Lamiaceae family, contains more than 200 species distributed
all over the world. It originates from the Mediterranean basin and is distributed also across
Europe, Greenland, North America and Africa [9,10], and, due to its properties, Thymus
ssp. have been largely employed in the food, cosmetics, perfume and pharmaceutical
industries [11,12].

Due to their biological properties, the infusion and decoction of fresh or dried aerial
parts of Thymus ssp. are used in ethnomedicine to treat numerous digestive and respiratory
illnesses, such as colds, flu, indigestion, nausea and dysentery, and their use has been
recently reviewed [13].

Non-volatile organic compounds detected in the extracts of Thymus ssp. include
flavonoids, phenylpropanoids, lignans, tannins, organic acids, terpenoids and phytos-
terols. Several pharmacological studies showed that the extracts possess a large number
of properties both in vitro and in vivo, including antimicrobial, antioxidant, antitumor,
anti-inflammatory, analgesic, antispasmodic, antitussive, carminative, anti-hypertensive,
anti-diabetic, anthelmintic activities, and so on [13].

By far, more investigations have reported on the EOs of Thymus ssp. that, in many
cases, showed the large presence of two aromatic compounds, carvacrol and thymol,
frequently accompanied by the couple p-cymene/y-terpinene [14,15]. Other important
components occurring in minor quantities are linalool, borneol and 1,8-cineole [16,17].

In addition, due to its antimicrobial and / or antioxidant compounds, the EOs of Thymus
species have been utilized as alternatives to commercial synthetic chemicals in recent years.
In fact, in order to extend the shelf-life of fresh foods, they have been incorporated into
packaging materials [18-20], utilized as corrosion inhibitors for different metals in various
acids [21] and applied in the disinfection of historical art and craft materials [22].

Thymus leucotrichus var. creticus (Bald.) Ronniger is a plant with frizzy woody primary
branches bearing linear-lanceolate, sessile leaves that are gathered in axillary bundles and
covered with hairs of variable length, with erect flower stems ascending up to 10 cm.

The inflorescence capitata range from ovoid to globose with bracts 1.5-3 mm wide,
similar to leaves, and are purplish in color. Calyx 4.5-5.5 mm, with the upper teeth of
1-5 mm, are lanceolate and ciliated. Corolla is pinkish-purple, with the tube slightly
exceeding the glass [23].
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Thymus leucotrichus has a distribution that includes and goes beyond the Island of
Crete, mainland Greece, Syria, Lebanon and Middle Eastern Turkey [24]. Within the
species, two subspecies are distinguished: T. leucotrichus Halacsy subsp. leucotrichus and T.
leucotrichus subsp. neiceffi (Degen & Urum.) Jalas. Within T. leucotrichus subsp. leucotrichus,
only T. leucotrichus var. creticus (Bald.) Ronninger is exclusive to Crete, and it is the subject
of this work.

Consequently, in the frame of our ongoing research on endemic Mediterranean
plants [25,26] and on the biological activity of EOs [27,28], we decided to investigate
the EO composition of the aerial parts of T. leucotrichus var. creticus, a taxon not previously
studied, as well as the antioxidant properties of its EO. This study focuses on the ability of
the essential oil (EO) of T. leucotrichus to increase tolerance to Cd-induced oxidative stress
in L. riparium. The purpose of this study is to evaluate the chemical composition of the EO
of T. leucotrichus and its ability to induce a protective effect in L. riparium exposed to Cd
stress: the growth rate, number of dead cells, levels of ROS, activity of antioxidant enzymes
and DNA damage were evaluated.

2. Results and Discussion
2.1. Gas Chromatography and Mass Spectrometry (GC-MS) Analysis of the Essential Oil

The composition of the EO of T. leucotrichus var. creticus was analyzed by GC-MS
analysis (as in Table 1). Fifteen compounds, divided into three classes, were identified and
classified according to linear retention indices. In terms of compound classes, oxygenated
monoterpenes (49.42%) dominate the EO, totally devoid of carvacrol and with thymol as
the most abundant compound (46.97%). Monoterpene hydrocarbons are also dominant
(45.51%), with p-cymene (28.64%) as main the constituent of the class. In contrast, sesquiter-
pene hydrocarbons accounted for only 3.07%, and no oxygenated sesquiterpenes were
identified. Comparing the EO composition of T. leucotrichus from Turkey [29] to our results,
we find it rich in thymol (37.01%), p-cymene (21.55%) and -y-terpinene (8.63%). On the other
hand, the EO from T. leucotrichus plants collected in Bulgaria [30] showed a completely
different profile; in fact, it was rich in sesquiterpene hydrocarbons (44.40%) and oxygenated
sesquiterpenes (34.50%), with B-caryophyllene (23.10%), elemol (9.80%) and germacrene
D (6.50%) as the main constituents, and quite poor in thymol (2.7%). In addition, the
two accessions of T. leucotrichus, collected in Greece (Mt. Parnon, Pelloponesus, and Mt.
Dirfi, Evoia) [31], proved to be very rich in sesquiterpenes with S-caryophyllene (13.2%
and 17.5%, respectively) as the principal metabolite. The co-occurrence of thymol and
p-cymene, as principal metabolites, was also observed in some other Thymus taxa such as
T. vulgaris L. from Egypt [32], T. glandulosus Lag. from Morocco [33], T. pulegioides L. from
Southern Italy [34], T. munbyanus Boiss et Reuter [syn. T. ciliatus (Desf.) Benth.] [35,36], T.
guyonii De Noe from Algeria [35], T. transcaucasicus Ronniger [37], T. trauveterri Klokov &
Des.-Shost. [38], T. daenensis Celak [39] and T. migricus Klokov & Des.-Shost. [40] from Iran.

2.2. Inhibition of the Growth Rate

The ECs5q was tested on L. riparium gametophytes exposed to Mohr’s solution con-
taining CdCl, concentrations ranging from 0.5 to 20 mM with a progressive increase of
0.5 M for 7 days in both EO-pretreated and non-pretreated samples. From toxicity tests,
L. riparium was found to be a very resistant species, with estimated ECs values (for a
7-day test period) of 4.5 mM in the samples without pretreatment; by contrast, the samples
that were pretreated with the EO of T. leucotrichus showed a significantly higher ECs,
reaching a concentration of 11.5 mM for the samples pretreated with 0.16% EO and 18 mM
for samples treated with 0.4% EO (Figure S1). It is evident that the pretreatment with EO,
which provides protection from the damage exerted by the metal, requires greater use of
Cd to obtain the considered toxic effect. The effect of the different concentrations tested
served to choose the optimal concentration to test the protective effect of the EO against
cadmium stress.
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Table 1. Chemical composition of Thymus leucotrichus var. creticus essential oil collected in Greece.

No. Compounds ? LRIP LRI € Area (%) Ident. 4
1 «-Pinene 1009 1017 1.95 1,2
2 Camphene 1053 1060 2.90 1,2
3 B-Pinene 1095 1099 1.08 1,2
4 Sabinene 1109 1111 0.14 1,23
5 3-Carene 1112 1114 0.06 1,2,3
6 a-Phellandrene 1163 1177 0.20 1,2,3
7 4-Carene 1155 1157 3.14 1,2
8 Limonene 1156 1060 0.39 1,2,3
9 v-Terpinene 1241 1248 7.01 1,2

10 p-Cymene 1267 1278 28.64 1,23
11 B-Linalool 1548 1557 0.89 1,2
12 B-Caryophyllene 1595 1608 2.83 1,23
13 Isoborneol 1655 1660 1.56 1,2
14 a-Caryophyllene 1679 1687 0.24 1,2,3
15 Thymol 2123 2139 46.97 1,2,3
Monoterpene Hydrocarbons 45.51
Oxygenated Monoterpenes 49.42
Sesquiterpene Hydrocarbons 3.07
Total 98.00

2 Components listed in order of elution on an DB-Wax column; ? Linear retention index on a DB-Wax polar
column; © Linear retention indices based on the literature (https://webbook.nist.gov/, accessed on 6 November
2022). 4: 1 = retention index identical to bibliography; 2 = identification based on comparison of MS; 3 = retention
time identical to authentic compounds.

2.3. Percentage of Dead Cells

The samples exposed to 1.5 mM of CdCl, without treatment with EOs showed a
number of damaged cells after 7 days of culture, with more or less evident plasmolysis of
12 & 0.3%; while the samples pretreated with EO reached, respectively, only 2.30 & 0.80%
for the pretreated samples with the concentration of 0.16% EO and 1.10 & 0.20% for the
samples pretreated with 0.4% EO (Table 2). The protective effect of the EO on the survival
of cells treated with CdCl, was therefore evident.

Table 2. Percentage of dead cells from the total within the L. riparium gametophytes treated without
EO, with 0.16% and with 0.4% of EO, and, after, with CdCl,.

CdCl, 1.5 mM
without EO CdCl; + 0.16% EO CdCl; + 0.4% EO
Percentage of death cells 12% £ 0.3 2.3% £ 0.8 1.1% £+ 0.2

2.4. Detection of ROS and Antioxidant Activity Enzyme

As can be seen from Figure 1, after exposure of L. riparium to 1.5 mM of CdCl,, an
increase in ROS is observed in the samples without pretreatment, while a decrease is
observed in samples pretreated with T. leucotrichus EO. In particular, L. riparium samples
pretreated with 0.4% of EO show a drastic reduction of ROS both compared to samples
pretreated with CdCl, and to samples without pretreatment. However, a statistically
significant reduction is also observed in samples pretreated with 0.16% EO compared to
samples without pretreatment.

Regarding the antioxidant activity, evaluated through the activity of the SOD, CAT
and GST enzymes, a significant increase of all three enzymes is observed in the samples
pretreated with the T. leucotrichus EO compared to the samples without pretreatment; in
particular, the 0.4% concentration of the EO seems to show a greater effect. This increase
in enzyme activity probably explains why a decrease in ROS is observed in EO pretreated
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ROS production (fluorescence intensity)

samples. Activation of antioxidant enzymes is an intrinsic defense strategy to adjust the
ROS contents of cells according to the metabolic needs at a specific time.
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Figure 1. ROS amount and antioxidant/detoxifying enzyme activities (SOD, CAT and GST) in L.
riparium gametophytes treated without EOs, with 0.16% and 0.4% of Eos, and after with CdCl,. Bars
not accompanied by the same letter were significantly different at p < 0.05. Data are mean of three
independent experiments + SE (n = 5).

2.5. Comet Assay

Figure 2 shows DNA damage following exposure to Cd in terms of DNA damage,
tail moment and olive moment in both pretreated and untreated samples. Samples of L.
riparium exposed to 1.5 mM of CdCl, show an increase in all three parameters taken into
consideration. This should not be surprising given that an excess of ROS can, among other
effects, also cause DNA damage, including its breakdown, which, however, can also be due
to a direct effect of heavy metals on the nucleotide [41].
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Figure 2. Comet assay results (DNA damage, tail moment and olive moment) in L. riparium gameto-
phytes treated without EOs, 0.16% and 0.4% of EOs, and after with CdCl,. Data were presented as
mean and standard error and they were analyzed with a paired t-test. Bars not accompanied by the

same letter were significantly different at p < 0.05.

Samples pretreated with T. leucotrichus EOs showed less damage than non-pretreated
samples, possibly due to a protective action of the EOs.

Interestingly, even in the case of protection against DNA damage, the 0.4% EO concen-
tration was found to have a greater protective action.

It is known that essential oils are used for healing purposes based on their many
properties. On the other hand, there are few data regarding a protective effect of essential
oils on stress from pollutants and, specifically, from heavy metals.
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With these results it is possible to hypothesize that T. leucotrichus EO can somehow
counteract the oxidative stress induced by CdCl, and consequently limit DNA damage.
However, the evidence from these studies needs to be confirmed by further experiments.

3. Materials and Methods
3.1. Essential Oil

The aerial parts of T. leucotrichus var. creticus were collected along the road from
Kolimpari to Afrata, North Crete, Greece (35°34'08.66” N, 23°46'24.73" E, 150 m m.s.1.),
in June 2022. A voucher specimen has been deposited in the STEBICEF Department,
University of Palermo (PAL113454).

A total of 100 g of the aerial parts of T. leucotrichus var. creticus were subjected to
hydrodistillation for 3 h second using Clevenger’s apparatus [42]. The oil, a yield 2.48%
(v/w), was dried with anhydrous sodium sulphate, filtered and stored in the freezer at
—20 °C, until the time of the analyses.

3.2. GC-MS Analysis of Essential Oil

Analyses of essential oils were performed according to the procedure reported by
Rigano et al. [43].

3.3. Plant Material and Heavy Metal Treatment

Field-grown moss L. riparium Hedw (Amblystegiaceae) was collected in the Botanical
Garden of the University of Naples Federico II, Italy. Approximately 1 g of the samples was
rinsed with sterile distilled water and inoculated into flasks containing sterile modified
Mohr’s medium [44] and cultured for 7 days (acclimatization). After that, two concen-
trations of EO in ethanol solutions, at 0.16% and 0.4% (v/v), were applied as foliar spray
on the gametophytes for 7 days. Subsequently, the plants that were pretreated with and
without the EO were irrigated with Mohr solution containing 1.5 mM CdCl, for 7 days in
a climate-controlled room with a temperature ranging from 13 to 20 °C (night/day), 70%
relative humidity and a photoperiod of 16 h light (40 uEm~2s71)/8 h dark.

3.4. Inhibition of Growth Rate

We determined ErCs (the concentration at which a 50% inhibition of growth rate is
observed) as the endpoint for ecotoxicity. Total frond count (carried out on 1 g of moss)
was used to monitor growth at metal concentrations between 0.5 and 20 mM, which was
the range in which the plants remained viable and were able to regenerate damaged tissues.
The total frond count was defined as the number of new formed shoots. Growth was
monitored every day for 7-day test period by counting fronds under a magnifying glass.
From these values, growth was determined as described in Basile et al. [45].

The effect of the different concentrations tested served to choose the optimal concen-
tration to test the protective effect of the EO against Cadmium stress. The concentration of
1.5 mM was chosen as it is effective in determining a toxic and responsive effect but is far
from the ECsg (which we consider excessively toxic). finally, this choice is also justified by
the fact that it shows concentrations close to it in cadmium-polluted watercourses, therefore
a realistic situation, in which moss may find itself having to survive [46].

3.5. Percentage of Dead Cells

The percentage of dead cells was calculated by light microscope observations made on
moss gametophytes with toluidine blue stained semi thin sections, prepared as reported in
Basile et al. [6], on samples treated without EO, 0.16% and 0.4% EO, and after with CdCl,.

3.6. Detection of ROS and Antioxidant Activity Enzyme

A total of 0.5 g of moss was homogenized with 0.1 mL of 50 mM potassium phosphate-
buffered solution (PBS) (pH 7.4) using a sterile pestle. The protein extract was used to
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evaluate the levels of ROS and the activity of the antioxidant enzymes CAT, SOD and
GST [8].

3.7. Comet Assay

The moss (0.5 g) was gently sliced using a fresh razor blade. The plate was kept tilted
on ice so that the isolated nuclei would collect in a cold Tris buffer. The protocol was
performed as reported by Maresca et al. [8].

3.8. Statistical Analysis

ROS production and SOD, CAT and GST enzyme activities were examined by one-way
analysis of variance, followed by Tukey’s multiple comparison post-hoc test. In all figures,
values are presented as mean = st. err; numbers not accompanied by the same letter are
significantly different at p < 0.05. Data were analyzed using the software Statistical, version
7.0 (StatSoft, Tulsa, OK, USA).

4. Conclusions

The present study has focused on determining the yield, chemical composition and
ability of EO of T. leucotrichus to increase tolerance to Cd-induced oxidative stress in
L. riparium.

Among natural plant products, EOs deserve special attention due to their use. EOs,
in fact, are used for multiple purposes, such as personal and home care, often in food,
as human and animal repellents and for the treatment of various diseases. Despite the
differences in the chemical composition of EOs obtained from different plants with different
extraction methods, their major constituents belong to the same chemical classes, such
as mono- and sesquiterpenes, aldehydes, ketones, ethers and esters, alcohols and hydro-
carbons. The presence of these compounds yields both chemical-physical and biological
properties such as antibacterial, antifungal, antioxidant, anti-inflammatory and antitumor
activity in numerous cellular and animal models. Furthermore, currently, the distillation of
EO from different plant organs is a reliable and economical process. As far as their efficacy
is concerned, numerous studies have documented the biological activity of EOs as well as
clarifying their mechanism of action and pharmacological targets. However, the paucity of
studies on the protective capacity against heavy metals on possible plant targets limits the
potential of EOs as effective and safe phytoprotective agents. More specific and in-depth
studies are, therefore, needed to achieve a high level of scientific evidence and ascertain the
real efficacy and safety of plant products.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/plants11243529/s1, Figure S1: Cadmium toxicity tests. Growth rate values
to cadmium concentrations between 0.5 and 20 mM with a progressive increase of 0.5 M in L. riparium
gametophytes treated without EO (A), 0.16% (B) and 0.4% (C) of EO.

Author Contributions: Conceptualization, A.B. and V.M.; methodology, N.B. and M.B.; software,
N.B,; validation, N.B., V.M. and P.B.; formal analysis, N.B., V.I. and V.M.; investigation, N.B. and V.I.;
resources, A.B.; data curation, V.M.; writing—original draft preparation, M.B.; writing—review and
editing, M.B. and N.B.; visualization, M.B. and V.I.; supervision, M.B., N.B., V.I. and A.B.; project
administration, M.B. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Data Availability Statement: Not applicable.

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


https://www.mdpi.com/article/10.3390/plants11243529/s1
https://www.mdpi.com/article/10.3390/plants11243529/s1

Plants 2022, 11, 3529 80of9

References

1.  Ehsan, S.; Ali, S.; Noureen, S.; Mahmood, K.; Farid, M.; Ishaque, W.; Bilal Shakoor, M.; Rizwan, M. Citric acid assisted
phytoremediation of cadmium by Brassica napus L. Ecotox. Environ. Saf. 2014, 106, 164-172. [CrossRef] [PubMed]

2. Hossain, M.A,; Piyatida, P; da Silva, ].A.T.; Fujita, M. Molecular mechanism of heavy metal toxicity and tolerance in plants:
Central role of glutathione in detoxification of reactive oxygen species and methylglyoxal and in heavy metal chelation. J. Bot.
2012, 2012, 872875. [CrossRef]

3. Shanying, H.; Xiaoe, Y.; Zhenli, H.; Baligar, C.V. Morphological and physiological responses of plants to cadmium toxicity: A
review. Pedosphere 2017, 27, 421-438.

4. He, S.; He, Z,; Yang, X,; Stoffella, P.J.; Baligar, V.C. Advances in Agronomy; Elsevier: Amsterdam, The Netherlands, 2015; Volume
134, pp. 135-225.

5. Jiang, Y,; Fan, M.; Hu, R.; Zhao, J.; Wu, Y. Mosses are better than leaves of vascular plants in monitoring atmospheric heavy metal
pollution in urban areas. Int. J. Environ. Res. Public Health 2018, 15, 1105. [CrossRef]

6. Basile, A.; Sorbo, S.; Aprile, G.; Conte, B.; Castaldo Cobianchi, R. Comparison of the heavy metal bioaccumulation capacity of an
epiphytic moss and an epiphytic lichen. Environ. Pollut. 2008, 151, 401-407. [CrossRef]

7. Bellini, E.; Maresca, V.; Betti, C.; Castiglione, M.R.; Fontanini, D.; Capocchi, A.; Sorce, C.; Borso, M.; Bruno, L.; Sorbo, S.; et al.
The moss Leptodictyum riparium counteracts severe cadmium stress by activation of glutathione transferase and phytochelatin
synthase, but slightly by phytochelatins. Int. . Mol. Sci. 2020, 21, 1583. [CrossRef]

8. Maresca, V.; Fusaro, L.; Sorbo, S.; Siciliano, A.; Loppi, S.; Paoli, L.; Monacim, E.; Karam, E.A.; Piscopo, M.; Guida, M.; et al.
Functional and structural biomarkers to monitor heavy metal pollution of one of the most contaminated freshwater sites in
Southern Europe. Ecotox. Environ. Saf. 2018, 163, 665-673. [CrossRef]

9.  Plants of the World Online. Available online: https://powo.science.kew.org/ (accessed on 22 September 2022).

10. Vila, R. Flavonoids and further polyphenols in the genus Thymus. In Thyme: The Genus Thymus; Stahl-Bishup, E., Sdez, F., Eds.;
Taylor & Francis: London, UK, 2002; Volume 17, pp. 144-176.

11.  Salehi, B.; Abu-Darwish, M.S.; Tarawneh, A.H.; Cabral, C.; Gadetskaya, A.V.; Salgueiro, L.; Hosseinabadi, T.; Rajabi, S.; Chanda,
W.; Sharifi-Rad, M.; et al. Thymus spp. plants—Food applications and phytopharmacy properties. Trends Food Sci. Technol. 2019, 85,
287-306. [CrossRef]

12. Cornara, L; La Rocca, A.; Marsili, S.; Mariotti, M.G. Traditional uses of plants in the Eastern Riviera (Liguria, Italy).
J. Ethnopharmacol. 2009, 125, 16-30. [CrossRef]

13. Li, X.; He, T.; Wang, X.; Shen, M,; Yan, X; Fan, S.; Wang, L.; Wang, X.; Xu, X,; Sui, H.; et al. Review Traditional Uses, Chemical
constituents and biological activities of plants from the Genus Thymus. Chem. Biodiv. 2019, 16, €1900254. [CrossRef]

14. Poulose, A.].; Croteau, R. Biosynthesis of aromatic monoterpenes: Conversion of y-terpinene to p-cymene and thymol in Thymus
vulgaris L. Arch. Biochem. Biophys. 1978, 187, 307-314. [CrossRef] [PubMed]

15. Poulose, A.].; Croteau, R. y-Terpinene synthetase: Akey enzyme in the biosynthesis of aromatic monoterpenes. Arch. Biochem.
Biophys. 1978, 191, 400-411. [CrossRef]

16. Stahl-Biskup, E. Essential oil chemistry of the genus Thymus—A global view. In Thyme: The Genus Thymus; Stahl-Bishup, E., Saez,
F., Eds.; Taylor & Francis: London, UK, 2002; Volume 17, pp. 75-124.

17.  Stahl-Biskup, E. Thyme in Handbook of Herbs and Spices; Peter, K.V., Ed.; Woodhead Publish: Cambridge, UK, 2004; Volume 2,
pp. 297-320.

18. Zare, M.; Namratha, K.; Thakur, M.S.; Byrappa, K. Biocompatibility assessment and photocatalytic activity of bio-hydrothermal
synthesis of ZnO nanoparticles by Thymus vulgaris leaf extract. Mater. Res. Bull. 2019, 109, 49-59. [CrossRef]

19. Dairi, N.; Ferfera-Harrar, H.; Ramos, M.; Garrigés, M.C. Cellulose acetate/ AgNPs-organoclay and/or thymol nano-biocomposite
films with combined antimicrobial /antioxidant properties for active food packaging use. Int. |. Biol. Macromol. 2019, 121, 508-523.
[CrossRef] [PubMed]

20. Scaffaro, R.; Maio, A.; D’Arrigo, M.; Lopresti, F.; Marino, A.; Bruno, M.; Nostro, A. Morpho-mechanical and antimicrobial
properties of Coridothymus capitatus L. essential oil loaded into ultrafine poly (lactic acid) fibers prepared by electrospinning.
Future Microbiol. 2020, 15, 1379-1392. [CrossRef]

21. Ehsani, A.; Mahjani, M.G.; Hosseini, M.; Safari, R.; Moshrefi, R.; Shiri, HM. Evaluation of Thymus vulgaris plant extract as an
eco-friendly corrosion inhibitor for stainless steel 304 in acidic solution by means of electrochemical impedance spectroscopy,
electrochemical noise analysis and density functional theory. J. Colloid Interface Sci. 2017, 490, 444—-451. [CrossRef]

22. D’Agostino, G.; Badalamenti, N.; Giambra, B.; Palla, F; Bruno, M. The application of the essential oils of Thymus vulgaris L. and
Crithmum maritimum L. as biocidal on two Tholu Bommalu Indian leather puppets. Plants 2021, 10, 1508. [CrossRef]

23.  Tutin, T.G.; Heywood, V.H.; Burges, N.A.; Moore, D.M.; Valentine, D.H.; Walters, S.M.; Webb, D.A. (Eds.) Flora Europaea;
Cambridge University Press: Cambridge, UK, 1973; Volume 3, p. 176.

24. Euro + Med. Available online: https:/ /ww2.bgbm.org/EuroPlusMed/query.asp (accessed on 10 October 2022).

25.  De Feo, V,; Bruno, M.; Tahiri, B.; Napolitano, F,; Senatore, F. Chemical composition and antibacterial activity of the essential oils of
Thymus spinulosus Ten. (Lamiaceae). |. Agric. Food Chem. 2003, 51, 3849-3853. [CrossRef]

26. Badalamenti, N.; Vaglica, A.; Maggio, A.; Bruno, M. A new ferulol derivative isolated from the aerial parts of Ferulago nodosa (L.)

Boiss. growing in Sicily (Italy). Nat. Prod. Res. 2022, in press. [CrossRef]


http://doi.org/10.1016/j.ecoenv.2014.03.007
http://www.ncbi.nlm.nih.gov/pubmed/24840879
http://doi.org/10.1155/2012/872875
http://doi.org/10.3390/ijerph15061105
http://doi.org/10.1016/j.envpol.2007.07.004
http://doi.org/10.3390/ijms21051583
http://doi.org/10.1016/j.ecoenv.2018.07.122
https://powo.science.kew.org/
http://doi.org/10.1016/j.tifs.2019.01.020
http://doi.org/10.1016/j.jep.2009.06.021
http://doi.org/10.1002/cbdv.201900254
http://doi.org/10.1016/0003-9861(78)90039-5
http://www.ncbi.nlm.nih.gov/pubmed/666313
http://doi.org/10.1016/0003-9861(78)90104-2
http://doi.org/10.1016/j.materresbull.2018.09.025
http://doi.org/10.1016/j.ijbiomac.2018.10.042
http://www.ncbi.nlm.nih.gov/pubmed/30321636
http://doi.org/10.2217/fmb-2019-0291
http://doi.org/10.1016/j.jcis.2016.11.048
http://doi.org/10.3390/plants10081508
https://ww2.bgbm.org/EuroPlusMed/query.asp
http://doi.org/10.1021/jf021232f
http://doi.org/10.1080/14786419.2022.2074995

Plants 2022, 11, 3529 90f9

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Di Napoli, M.; Maresca, V.; Varcamonti, M.; Bruno, M.; Badalamenti, N.; Basile, A.; Zanfardino, A. (+)-(E)-Chrysanthenyl acetate:
A molecule with interesting biological properties contained in the Anthemis secundiramea (Asteraceae) flowers. Appl. Sci. 2020,
10, 6808. [CrossRef]

Lauricella, M.; Maggio, A.; Badalamenti, N.; Bruno, M.; D’Angelo, G.D.; D’Anneo, A. Essential oil of Foeniculum vulgare subsp.
piperitum fruits exerts an anti—tumor effect in triple—negative breast cancer cells. Mol. Med. Rep. 2022, 26, 243. [CrossRef]
[PubMed]

Ciice, M.; Basangelebi, O. Comparison of volatile constituents, antioxidant and antimicrobial activities of Thymus leucotrichus
(Lamiaceae) stem and leaves essential oils from both natural resources and in vitro derived shoots. J. Essent. Oil. Bear. Plants 2021,
24,1097-1112. [CrossRef]

Trendafilova, A.; Todorova, M.; Ivanova, V.; Zhelev, P.; Aneva, I. Essential oil composition of five Thymus species from Bulgaria.
Chem. Biodiv. 2021, 18, €2100498. [CrossRef]

Chorianopoulos, N.G.; Evergetis, E.T.; Aligiannis, N.; Mitakou, S.; Nychas, G.J.E.; Haroutounian, S.A. Correlation between
chemical composition of Greek essential oils and their antibacterial activity against food-borne pathogens. Nat. Prod. Commun.
2007, 2, 419-426. [CrossRef]

Farag, R.S.; Salem, H.; Badei, A.Z.M.A; Hassanein, D.E. Biochemical studies on the essential oils of some medicinal plants. Fette.
Seifen. Anstrichmitt. 1986, 88, 69-72. [CrossRef]

Adzet, T; Vila, R.; Ibaiiez, C.; Caiiigueral, S. Essential oil of Thymus glandulosus Lag. ex H. del Villar. Flav. Frag. | 1989, 4, 133-134.
[CrossRef]

De Martino, L.; Bruno, M.; Formisano, C.; De Feo, V.; Napolitano, F.; Rosselli, S.; Senatore, F. Chemical composition and
antimicrobial activity of the essential oils from two species of Thymus growing wild in Southern Italy. Molecules 2009, 14,
4614-4624. [CrossRef]

Hazzit, M.; Baaliouamer, A.; Faleiro, M.L.; Miguel, M.G. Composition of the essential oils of Thymus and Origanum species from
Algeria and their antioxidant and antimicrobial activities. J. Agric. Food. Chem. 2006, 54, 6314-6321. [CrossRef]

Kabouche, A.; Ghannadi, A.; Kabouche, Z. Thymus ciliatus—The highest thymol containing essential oil of the genus. Nat. Prod.
Commun. 2009, 4, 1251-1252. [CrossRef]

Ezzatzadeh, E.; Pourghasem, E.; Sofla, S.EI. Chemical composition and antimicrobial activity of the volatile oils from leaf, flower,
stem and root of Thymus transcaucasicus from Iran. J. Essent. Oil Bear. Plants 2014, 17, 577-583. [CrossRef]

Shahnazi, S.; Khalighi-Sigaroodi, F.; Ajani, Y.; Yazdani, D.; Ahvazi, M.; Taghizad-Farid, R. study on chemical composition and
antimicrobial activity of the essential oil of Thymus trautvetteri Klokov & Desj.—Shost. ]. Med. Plants 2007, 3, 80-88.

Abousaber, M.; Khanavi, M.; Khoshchehreh, M.; Hadjiakhoondi, A.; Shams Ardekani, M.R.; Shafiee, A. Composition of the
essential oils of Thymus deanensis Celak var. deanensis from different regions of Iran. J. Med. Plants 2012, 1, 34-39.

Yavari, A.; Nazeri, V.; Sefidkon, F.; Hassani, M.E. Chemical composition of the essential oil of Thymus migricus Klokov & Des;.
-Shost. from Iran. J. Essent. Oil Bear. Plants 2010, 13, 385-389.

Roldén-Arjona, T.; Ariza, R.R. Repair and tolerance of oxidative DNA damage in plants. Mutat. Res. 2009, 681, 169-179. [CrossRef]
European Pharmacopoeia. Determination of essential oils in herbal drugs. Eur. Pharm. 2008, 307, 251-256.

Rigano, D.; Formisano, C.; Rosselli, S.; Badalamenti, N.; Bruno, M. GC and GC—MS Analysis of volatile compounds from Ballota
nigra subsp. uncinata collected in Aeolian Islands, Sicily (Southern Italy). Nat. Prod. Commun. 2020, 15, 1-7. [CrossRef]
Carginale, V.; Sorbo, S.; Capasso, C.; Trinchella, F.; Cafiero, G.; Basile, A. Accumulation, localisation, and toxic effects of cadmium
in the liverwort Lunularia cruciata. Protoplasma 2004, 223, 53—-61. [CrossRef]

Basile, A.; Sorbo, S.; Conte, B.; Cobianchi, R.C.; Trinchella, F,; Capasso, C.; Carginale, V. Toxicity, accumulation, and removal of
heavy metals by three aquatic macrophytes. Int. J. Phytoremed. 2012, 14, 374-387. [CrossRef]

Esposito, S.; Loppi, S.; Monaci, E; Paoli, L.; Vannini, A.; Sorbo, S.; Maresca, V.; Fusaro, L.; Karam, E.A.; Lentini, M.; et al.
In-field and in-vitro study of the moss Leptodictyum riparium as bioindicator of toxic metal pollution in the aquatic environment:
Ultrastructural damage, oxidative stress and HSP70 induction. PLoS ONE 2018, 13, e0195717. [CrossRef]


http://doi.org/10.3390/app10196808
http://doi.org/10.3892/mmr.2022.12759
http://www.ncbi.nlm.nih.gov/pubmed/35642658
http://doi.org/10.1080/0972060X.2021.2003256
http://doi.org/10.1002/cbdv.202100498
http://doi.org/10.1177/1934578X0700200413
http://doi.org/10.1002/lipi.19860880210
http://doi.org/10.1002/ffj.2730040311
http://doi.org/10.3390/molecules14114614
http://doi.org/10.1021/jf0606104
http://doi.org/10.1177/1934578X0900400918
http://doi.org/10.1080/0972060X.2014.901616
http://doi.org/10.1016/j.mrrev.2008.07.003
http://doi.org/10.1177/1934578X20920483
http://doi.org/10.1007/s00709-003-0028-0
http://doi.org/10.1080/15226514.2011.620653
http://doi.org/10.1371/journal.pone.0195717

	Introduction 
	Results and Discussion 
	Gas Chromatography and Mass Spectrometry (GC–MS) Analysis of the Essential Oil 
	Inhibition of the Growth Rate 
	Percentage of Dead Cells 
	Detection of ROS and Antioxidant Activity Enzyme 
	Comet Assay 

	Materials and Methods 
	Essential Oil 
	GC–MS Analysis of Essential Oil 
	Plant Material and Heavy Metal Treatment 
	Inhibition of Growth Rate 
	Percentage of Dead Cells 
	Detection of ROS and Antioxidant Activity Enzyme 
	Comet Assay 
	Statistical Analysis 

	Conclusions 
	References

