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Abstract

:

Laurus nobilis L. is commonly used in folk medicine in the form of infusion or decoction to treat gastrointestinal diseases and flatulence as a carminative, antiseptic, and anti-inflammatory agent. In this study, the essential oil (EO) composition of wild-grown L. nobilis L. leaves collected from seven different altitudinal locations in the Molise region and adjacent regions (Abruzzo and Campania) was investigated. EOs from the leaves were obtained by hydrodistillation and analyzed by GC-FID and GC/MS, and 78 compounds were identified. The major oil components were 1,8-cineol (43.52–31.31%), methyl-eugenol (14.96–4.07%), α-terpinyl acetate (13.00–8.51%), linalool (11.72–1.08%), sabinene (10.57–4.85%), α-pinene (7.41–3.61%), eugenol (4.12–1.97%), and terpinen-4-ol (2.33–1.25%). Chemometric techniques have been applied to compare the chemical composition. To shed light on the nutraceutical properties of the main hydrophobic secondary metabolites (≥1.0%) of laurel EOs, we assessed the in vitro antioxidant activities based on 2,2-diphenyl-1-picrylhydrazyl (DPPH•) radical scavenging activity and the reducing antioxidant power by using a ferric reducing power (FRAP) assay. Furthermore, we highlighted the anti-inflammatory effects of seven EOs able to interfere with the enzyme soluble epoxide hydrolase (sEH), a key enzyme in the arachidonic acid cascade, in concentrations ranging from 16.5 ± 4.3 to 8062.3 ± 580.9 mg/mL. Thanks to in silico studies, we investigated and rationalized the observed anti-inflammatory properties, ascribing the inhibitory activity toward the disclosed target to the most abundant volatile phytochemicals (≥1.0%) of seven EOs.






Keywords:


Laurus nobilis L.; essential oil; anti-inflammatory effect; soluble epoxide hydrolase (sEH)












1. Introduction


Oxidative stress is a complex phenomenon in living organisms marked by an imbalance between the generation of free radicals (ROS) and the capacity to remove these reactive species from the body through endogenous and exogenous antioxidants. At low levels, ROS act as signal transduction molecules that stimulate cellular processes, while also offering cellular protection [1]. When ROS are present at high concentrations and are not adequately neutralized, they can damage cellular structures and biomolecules such as lipids, proteins, and DNA. This ultimately leads to the development of many illnesses [2,3]. Thus, researchers from all over the world are interested in finding natural antioxidants that can counteract the effects of free radicals in the context of global health. According to the World Health Organization (WHO), chronic diseases are the main threat to human health [3], and inflammation-related diseases are expected to increase over the next 30 years gradually [4]. Many studies indicate that several disorders, including cancer, heart disease, diabetes, arthritis, arteriosclerosis, Alzheimer’s disease, and immune system decline, are brought on by chronic inflammation [5]. The inflammatory cascade appears to be a crucial new target for the prevention of many disease conditions [6]. Many human pathologies can be traced back to the inflammatory mediators of the arachidonic acid cascade generated by lipoxygenases (LOXs), cyclooxygenases (COXs), and the cytochrome P450 pathway, in which soluble epoxide hydrolase (sEH) is involved [7]. sEH is a homodimeric enzyme found in numerous organs, including the brain, liver, and kidneys, that hydrolyzes epoxyeicosatrienoic acids (EETs), epoxyeicosatetraenoic acids (EEQs), and epoxydocosapentaenoic acids (EDPs) into their corresponding diols [8]. Emerging data indicate that blocking sEH leads to high levels of EETs, which possess anti-inflammatory properties and can hinder the onset of inflammation, hypertension, atherosclerosis, heart failure, fatty liver disease, and cancer [9,10,11]. Considering the remarkable advantages that can be obtained by blocking the activity of sEH, several synthetic ligands, characterized by urea and amide groups, have been prepared, which represent the most popular and potent class of sEH inhibitors [11,12].



Medicinal and aromatic plants offer an excellent opportunity for the identification of natural products to be used for pharmaceutical and nutraceutical purposes based on knowledge gained through local traditions [8,13], and sometimes, these products can ensure the health and well-being of the consumer by replacing synthetic drugs. Notably, a variety of potent sEH inhibitors have been isolated from natural sources, such as some natural urea-containing compounds isolated from P. brazzeana and L. meyenii, kaempferol and apigenine extracted from T. hemsleyanum, cimiciphenone and cimiracemate A obtained from C. dahurica and Gentiana scabra, and desoxyaloin isolated from Aloe [11].



Antioxidants can influence the immune response through several molecular mechanisms: by inducing the suppression of pro-inflammatory cytokines and inhibiting signaling pathways and key enzymes involved in immune processes [14,15,16]. In this context, many studies have shown that essential oils are endowed with pharmacological properties that make them useful in the management of diseases associated with oxidative stress [17].



Laurus nobilis L. has traditionally been used in folk medicine for its beneficial effects on health, which can now be scientifically explained by various biological activities identified in the extracts of its leaves, fruits, flowers, and roots, as well as in its essential oil [18,19,20,21,22].



Laurus nobilis L. (Lauraceae family), also known as bay laurel, true, daphne, Roman laurel, just laurel, or sweet bay, is an evergreen shrub or tree native to Europe and Mediterranean countries. Dried leaves and essential oils are the main commercial products on the market. Because of their flavor and fragrance, the leaves are used in cooking as a spice to improve the taste in red meat, fish, etc., and also in vegetarian dishes, according to traditional local recipes, not only in the cuisine of the Mediterranean area but also of many Asian countries [21,23,24,25,26].



In traditional medicine, the leaves and fruits have been used orally since ancient times for various gastrointestinal diseases, as well as for flatulence as a carminative, diaphoretic, antiseptic activity and against rheumatism, coughs, heart disease, diarrhoea [27,28,29]. Dried bay laurel and its infusions have been found to be a natural remedy for lowering blood sugar levels and protecting against fungal and bacterial infections [21] or for the treatment of various neurological, dermatological, and urological disorders [30,31]. In folk medicine, the essential oil from bay leaves is also recommended for the treatment of epilepsy, neuralgia, and parkinsonism [32,33].



The chemical composition of the leaves, fruits, flowers, and seeds of L. nobilis L. shows the presence of volatile components, sesquiterpenes, alkaloids, minerals, vitamins, sugars, polysaccharides, organic acids, tocopherols, and a wide range of polyphenols including different flavonoids, phenolic acids, tannins, and lignans [18,21,28].



Anti-inflammatory properties, with the inhibition of nitric oxide production, have been found in some megatigmane and sesquiterpene components isolated from leaf extracts [28,34,35], while several polyphenols, largely responsible for antioxidant activity, were highlighted in L. nobilis L. [18,20,36,37].



In the apolar extracts of L. nobilis L. leaves, sesquiterpene lactones such as costunolide and dehydrocostus lactone are the most abundant [38,39]. They exhibit anti-inflammatory activity, with the inhibition of NO production [34,40], and possess antibacterial and immunomodulatory effects [41]. In the last decade, the cytotoxic activity of these compounds against various cancer cell lines in vitro and in vivo has been actively studied [13,28,42,43,44,45,46,47].



Recently, two diglycosides isolated from laurel (laurusides) were investigated by molecular dynamics as potential ligands toward a well-preserved and crucial target, the 3C-like protease (Mpro) of wild-type SARS-CoV-2 and Omicron variant in the context of new anti-β-coronavirus drug discovery [48].



The commercial value of L. nobilis L. derives from its essential oil, and its applications extend from food to cosmetics and drugs [49]. Essential leaf oil is composed of an intricate blend of constituents, some of them in larger amounts or with varying proportions, each contributing to a distinctive scent. The great number of phytochemicals in the EOs exerts physiological effects and therapeutic potential, including anticonvulsant [33], in vitro antibacterial [50], antifungal [51], antidiabetic [41,52,53], analgesic and anti-inflammatory [32], anticancer [54,55], neuroprotective [56], anticholinergic [57], and antioxidant effects [49,58,59], acaricidal [60] activities, and insecticidal effects [61]. Allergic contact dermatitis with laurel essential oil has been observed in rare cases [62]. Recently, the use of EOs has been proposed for applications in the food industry [25].



Essential oils (EOs) are gradually becoming more popular natural ingredients in the cosmetics industry due to their olfactory characteristics and the numerous beneficial properties of their components [17], including anti-inflammatory, antimicrobial, and antioxidant properties; so, they are recommended in the preparation of moisturizers, lotions, and cleansers in skin care cosmetics, etc. [63].



This study aims to investigate the EO composition of L. nobilis L. leaves grown in the wild in seven distinct altitudinal locations and their therapeutic potential. Specifically, five samples were gathered from the Molise area (LNMO) (central-southern Italy), and two samples were obtained from the surrounding regions of Abruzzo (LNAB) and Campania (LNCA).



Because of the complexity of volatile EO components, chemometric techniques have been applied, which can serve as a valuable alternative for characterizing the properties of individual constituents. These techniques enable the evaluation of multiple variables and their interactions and also allow for obtaining a single and comprehensive response for multiple dependent variables [64].



In light of the many applications in ethnomedicine and the important pharmacological activities found in EOs linked to their anti-inflammatory activity, this work aims (a) to perform the extraction and characterization of the chemical constituents of volatile EOs by GC-FID and GC-MS; (b) to compare the chemical composition using chemometric analysis; (c) to evaluate the in vitro antioxidant potential of EOs based on 2,2-diphenyl-1-picrylhydrazyl (DPPH•) radical scavenging activity and the reducing antioxidant power by using a ferric reducing power (FRAP) assay; (d) to investigate the soluble epoxide hydrolase (sEH) inhibitory activities of EOs using a fluorescent assay; and (e) to rationalize the inhibitory effect of the most abundant volatile phytochemicals (≥1.0%) of EOs on the crystal structure of sEH through in silico studies.



Thus, these results point toward the use of EOs for the treatment of inflammatory status, and interestingly, they are in line with a natural product-based fragment virtual screening. In fact, the most abundant metabolites of EOs (≥1.0%) could be promising candidates for the development of semi-synthetic sEH inhibitors endowed with unprecedented chemical scaffolds.




2. Materials and Methods


2.1. Plant Material


Fresh leaves of L. nobilis (LN), grown at different altitudes, were collected in April 2023, in the Molise area (central-southern Italy) at Petacciato (CB), Vivaio Forestale Regionale “Le Marinelle”, about 25 m above sea level (a.s.l.) (200 m away from the Adriatic Sea) (LNMO1), Campobasso (CB), 700 m a.s.l. (LNMO2), Isernia (IS), 420 m a.s.l. (LNMO3), Carpinone (IS), 630 m a.s.l. (LNMO4), Capracotta (IS), 1420 m a.s.l. (LNMO5), and in the neighboring regions of Abruzzo at Rosciano (Pescara), 150 m a.s.l. and a distance of 20 km from the Adriatic Sea (LNAB), and Campania at Santa Maria Capua Vetere (Caserta), about 35 m a.s.l. (LNCA).



Representative homogeneous samples of the population were collected during the balsamic time. The plants were identified by Prof. P. Fortini and a voucher specimen of each species was deposited at the Herbarium of University of Molise (Pesche, Isernia) under the registry numbers LNMO1-Petacciato-04-2023; LNMO2-CB-04-2023; LNMO3-IS-04-2023; LNMO4-Carpinone-04-2023; LNMO5-Capracotta-04-2023; LNAB-Rosciano-04-2023; LNCA-SMCVetere-04-2023.




2.2. Essential Oil Isolation


A defined quantity of leaves (800 g) of the seven collected L. nobilis samples was selected and cleaned by hand; the leaves were next separately subjected to hydrodistillation using Clevenger apparatus (i.e., Albrigi Inherba, Italy) for 3 h according to the standard procedure described in the Council of Europe [65,66].



The obtained essential oils were dried over anhydrous sodium sulfate to remove traces of water and then stored in dark vials at 4 °C prior to gas chromatography–mass spectrometry (GC-MS) analysis.




2.3. GC-FID Analysis and GC/MS Analysis


The characterization of the EO samples was performed using a gas chromatography system, followed by GC/MS analysis. The GC-FID analysis was carried out using a GC 86.10 Expander (Dani), equipped with an FID detector, an Rtx®-5 Restek capillary column (30 m × 0.25 mm i.d., 0.25 um film thickness) (diphenyl-dimethyl polysiloxane), a spilt/splitless injector heated to 250 °C, and a flame ionization detector (FID) heated to 280 °C. The column temperature was maintained at 40 °C for 5 min, then programmed to increase to 250 °C at a rate of 3 °C/min, and held, using an isothermal process, for 10 min. The carrier gas was He (2.0 mL/min); 1 μL of each sample was dissolved in n-hexane (1:500 n-hexane solution) and injected. All experiments were repeated three times.



The GC-MS analyses were performed on a Trace GC Ultra (Thermo Fisher Scientific, Waltham, MA, USA) gas chromatography instrument equipped with the same Rtx®-5 Restek capillary column (30 m × 0.25 mm i.d., 0.25 um film thickness) and coupled with an ion-trap (IT) mass spectrometry (MS) detector Polaris Q (Thermo Fisher Scientific, Waltham, MA, USA). A Programmed Temperature Vaporizer (PTV) injector and a PC with a chromatography station Xcalibur (Thermo Fisher Scientific, Waltham, MA, USA) were used. The ionization voltage was 70 eV; the source temperature was 250 °C; and full scan acquisition under positive chemical ionization was from m/z 40 up to 400 a.m.u. at 0.43 scan s-1. The GC conditions for the gas chromatography (GC-FID) analysis were the same as those described above.




2.4. Identification and Relative Percentage of EO Components


The identification of the EO components of all samples analyzed was based on the comparison of their Kovats retention indices (Exp RI) with the Kovats retention indices reported in the literature (Ref RI) [67]; the Kovats indices (Exp RI) were determined in relation to the retention time (tR) values of a homologous series of n-alkanes (C8–C20) injected in the same operating conditions as the samples under analysis, as reported in the literature [68,69].



Additionally, the MS fragmentation pattern of each single compound was compared with that from the NIST 02, Adams, and Wiley 275 mass spectral libraries [70,71]. The quantitative relative contents (%) of the sample components were computed as the average of the GC peak areas obtained in triplicate without any corrections [72]. For the quantitative purpose, all analytical standard components utilized (n-alkane C8–C20, α-pinene, β-pinene, 1,8-cineole, linalool, borneol, terpinen-4-ol, sabinene) were bought from Sigma Aldrich, St. Louis, MO, USA. The list of components is shown in Table 1.




2.5. Multivariate Analysis


The multivariate analysis was performed by Partial Least Square–Discriminant Analysis (PLS-DA), a “supervised” version of Principal Component Analysis (PCA), which is made aware of the class labels in its input [73]. The essential oils of all of the samples were analyzed in triplicate by GC-MS, and the integrated areas (% area) of the peaks of the metabolites detected were obtained. A data set with 21 observations (7 varieties of Laurus nobilis) and 78 variables (number of metabolites detected) was imported to MetaboAnalyst 6.0, selecting the statistical analysis (one factor). All of the variables were Pareto-scaled to reduce the relative importance of metabolites with high intensities by decreasing large fold changes more than small ones. Additionally, the impact of MS noise is reduced by Pareto scaling [74]. Moreover, the Variable Importance in Projection (VIP) analysis by MetaboAnalyst showed the most important metabolites that contribute to the separation of the clusters, considering metabolites with a VIP value > 1.




2.6. Determination of Total Phenolics from Samples


The total phenolic content was determined according to Folin–Ciocalteu’s methods with slight modifications [75]. Briefly, to 0.100 mL of diluted essential oil (0.01 mL EO in 10.0 mL methanol), we added 0.400 mL of deionized water and 1.0 mL of Folin–Ciocalteu reagent (1:10) (Titolchimica, Rovigo, Italy). After 10 min, 2.0 mL of Na2CO3 (7.5%) (Acros, Geel, Belgium) was added to obtain a final volume of 3.5 mL. The solutions were placed in a dark environment and kept at room temperature for 60 min. The solutions were then subjected to centrifugation at a speed of 4000 revolutions per minute for 3 min. The resulting liquid above the sediment was collected and placed into cuvettes for measurement of absorbance using a VIS spectrophotometer (Shimadzu UV-1601 spectrophotometer, Shimadzu, Kyoto, Japan) at a wavelength of 765 nm. The total phenolic contents were calculated as the gallic acid equivalent (GAE) from a calibration curve of gallic acid standard solutions (range 1.0–10 μg/mL) and expressed as mg GAE (gallic acid equivalent) per g of EO sample. All of the experiments were carried out in triplicate.




2.7. Antioxidant Capacity Assays


2.7.1. DPPH Radical Scavenging Activity


The ability of the essential oil to scavenge the DPPH radical was tested as previously described [76], with some modifications (essential oil diluted in absolute ethanol). In particular, 1 mL of essential oil at different concentrations diluted in ethanol (as reported in Table 2) was added to 1 mL of a freshly prepared DPPH• ethanolic solution (27 μg/mL dil.). The reaction mixture was incubated in the absence of light for 30 min. During this time, the DPPH radical undergoes reduction upon interaction with an antioxidant molecule, resulting in a noticeable change in color. The alterations in color were measured as absorbance at a wavelength of 517 nm using a Shimadzu UV-1601 spectrophotometer (Shimadzu, Kyoto, Japan), with ethanol serving as a reference. The mixture of 1 mL of the DPPH solution and 1 mL of ethanol was taken as the control product.



As an indication, the ascorbic acid (range 2.0–600 μg/mL) as a standard, known for its anti-radical effect, was tested in parallel (positive control). The antioxidant activity was quantified using IC50, which is the concentration (mg/mL) of the extract needed to neutralize 50% of DPPH free radicals. The value was determined by linear regression analysis of the dose–response curve, which was generated by plotting the radical scavenging activity against the concentration of the extract within the range of 0.1–1.5 mg/mL.



In order to estimate the IC50, various levels of inhibition were calculated as follows:


% Radical Scavenging Activity = [1 − (Asample/Acontrol)] × 100








where Acontrol is the absorption of 1 mL of DPPH• and 1 mL of ethanol, and Asample is the absorption of the sample. As for the inhibitory concentrations (IC50), they are calculated from the curves of linear regression. Tests were carried out in triplicate, and the results were expressed as the mean of the obtained IC50 values ± standard error (SE).




2.7.2. Ferric Reducing Power (FRAP)


The reductive activity of the iron of our essential oil was determined according to the method described by Benzie et al. [77], with modifications. The active FRAP reagent was created by combining acetate buffer (300 mM, pH 3.6) with TPTZ (2,4,6-tripyridyl-s triazine) solution (10 mM in 40 mM HCl) and FeCl3 × 6 H2O (20 mM) at a ratio of 10:1:1. A The total extract (200 μL) was reacted with 1.8 mL of FRAP and incubated at 37 °C for 30 min. The absorbance was measured at 593 nm (Shimadzu UV-1601 spectrophotometer, Shimadzu, Kyoto, Japan). As an indication, ascorbic acid (1.2 μg/mL) was tested in parallel. However, an increase in absorbance corresponds to an increase in the reducing power of the extracts tested. The measurement of antioxidant activity in vitro was conducted by employing a standard Trolox curve within a concentration range from 4 to 25 μM. The results were quantified in terms of millimoles of Trolox equivalents per gram of EO sample.





2.8. Cell-Free sEH Activity Assay


Each of the seven EOs samples was tested in single-dose triplicate mode at a final concentration of 10 μg/μL against sEH using the Soluble Epoxide Hydrolase Inhibitor Screening Assay Kit (10011671), and then, the IC50 values were calculated for each compound. sEH protein was diluted in bis-Tris buffer (25 mM, pH 7) and pre-incubated with the test samples or the reference compound (AUDA, 12-(3-adamantan-1-yl-ureido) dodecanoic acid) or vehicle (2.5% EtOH) for 15 min at 25 °C. The reaction was started by the addition of 5 μL of substrate (PHOME, 10 μM) to obtain a final concentration of 0.25 μM. When the epoxide moiety of PHOME undergoes hydrolysis by epoxide hydrolase, intramolecular cyclization takes place, leading to the release of a cyanohydrin under basic conditions. The cyanohydrin rapidly decomposes into cyanide ions and the highly fluorescent 6-methoxy-2-naphthaldehyde, which can be analyzed. The signal was detected (λex 330 nm, λem 465 nm) on an EnSpire™ Multimode Plate Reader (PerkinElmer, California, USA).




2.9. In Silico Studies


The X-ray crystal structure of sEH in complex with its ligand, 2-({[2-(adamantan-1-yl)ethyl]amino}methyl)phenol, was downloaded from RCSB PDB (ID: 4Y2X [78]) and prepared using Protein Preparation Wizard [79,80] (Schrödinger Suite); the solvent and co-complexed compound were removed, cap termini were included, all hydrogen atoms were added, and bond orders were assigned. The grid box for molecular docking experiments was accounted for using a co-crystallized ligand as a guide to define the centroid of the active site. The final coordinates of the grid center were −17.54 (x), −9.70 (y), and 66.48 (z), and the inner and outer box dimensions were 10 × 10 × 10 and 24.58 × 24.58 × 24.58, respectively.



The 2D structures of the main chemical constituents of EOs were downloaded from PubChem in .sdf format and prepared using LigPrep software (version 5.7, Schrödinger, LLC, New York, NY, USA, 2021) [81,82,83,84,85], which allows for the generation of all of the possible tautomers and protonation states at pH = 7.4 (±0.1) and for the minimization of the structures obtained using the OPLS 2005 force field.



Glide software (version 9.0, Schrödinger, LLC, New York, NY, USA, 2021) [82,83,84,85,86] (Schrödinger Suite) was used for molecular docking experiments, which were conducted in the Extra-Precision (XP) mode. Specifically, during the initial docking phase, 10,000 poses were kept, and 800 conformations were selected for the minimization step with an energy threshold of 0.15 kcal/mol. Finally, a maximum of 20 poses were retained for analysis to examine the binding mode.





3. Results and Discussion


3.1. Chemical Profile of Essential Oils


Many factors can influence the chemical composition of essential oils: geographical origin and harvest season, environmental conditions, the phenological growth stage of the plant, drying methods, extraction, and analysis conditions [25,87,88]. Therefore, each essential oil has its own unique chemical profile, and its biological activities are influenced by the co-presence of compounds that act in a synergetic or antagonistic manner [89].



The chemical compositions of the bay laurel EOs are provided in Table 1. The EOs qualitatively and quantitatively showed a high degree of metabolic variability.



The relative content analysis revealed that the predominant component found in all samples was 1,8-cineol (eucalyptol), with a content ranging from 43.52% to 31.31%, followed by methyl-eugenol (14.96–4.07%), α-terpinyl acetate (13.00–8.51%), linalool (11.72–1.08%), and sabinene (10.57–4.85%) as primary components.



For contents ranging from 7.50% to 1.40%, we identified α-pinene (7.41–3.61%) and eugenol (4.12–1.97%), while β-pinene, α-terpineol, and terpinen-4-ol accounted for (3.81–1.38%), (2.91–0.91%), and (2.33–1.25%), respectively. Seventy-eight components have been identified, represented by bi- and tricyclic oxygenated monoterpenes (BMOs, from 45.38% to 32.38%), followed by bi- and tricyclic monoterpenes (BMs, from 23.66% to 15.79%) and other components such as phenylpropanoids (eugenol, methyl eugenol, elemicin, etc.) from 21.57% to 7.74%. In lower concentrations, monocyclic oxygenated monoterpenes (MMOs, from 17.73% to 12.9 8%) were identified (see Supplementary Materials Table S1). Differences in the composition of the EOs of wild-grown L. nobilis L. in other geographical areas have been reported. However, the main components identified in our samples are in line with the metabolites found in EOs in Italy or in the Mediterranean basin, including a high level of 1,8-cineole [27,90,91]. Figure 1 shows the major constituents of L. nobilis EOs.





 





Table 1. A list of volatile phytochemicals of the essential oils (EOs) isolated from the leaves of seven varieties of Laurus nobilis L.
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N.

	
tR (min)

	
Exp RI

	
Ref RI

	
Class

	
Compound

	
Area (%) ± SD




	
LNMO1

	
LNMO2

	
LNMO3

	
LNMO4

	
LNMO5

	
LNCA

	
LNAB






	
1

	
11.17

	
931

	
930

	
BM

	
α-Thujene

	
0.46 ± 0.06

	
0.35 ± 0.01

	
0.42 ± 0.08

	
0.33 ± 0.09

	
0.42 ± 0.05

	
0.47 ± 0.03

	
0.42 ± 0.04




	
2

	
11.48

	
937

	
939

	
BM

	
α-Pinene

	
4.83 ± 0.09

	
5.17 ± 0.1

	
7.41 ± 0.25

	
3.61 ± 0.21

	
4.80 ± 0.07

	
4.73 ± 0.04

	
4.06 ± 0.09




	
3

	
12.19

	
951

	
954

	
BM

	
Camphene

	
0.50 ± 0.07

	
0.90 ± 0.1

	
0.70 ± 0.06

	
0.11 ± 0.02

	
0.10 ± 0.01

	
0.10 ± 0.02

	
0.17 ± 0.03




	
4

	
13.62

	
976

	
975

	
BM

	
Sabinene

	
6.70 ± 0.38

	
9.84 ± 0.14

	
10.57 ± 0.38

	
9.12 ± 0.56

	
4.85 ± 0.28

	
10.2 ± 0.34

	
7.56 ± 0.11




	
5

	
13.71

	
979

	
979

	
BM

	
β-Pinene

	
3.77 ± 0.28

	
2.96 ± 0.33

	
3.81 ± 0.39

	
2.44 ± 0.35

	
2.47 ± 0.11

	
3.00 ± 0.24

	
2.61 ± 0.15




	
6

	
14.6

	
992

	
990

	
AM

	
Myrcene

	
0.38 ± 0.03

	
0.88 ± 0.01

	
0.74 ± 0.08

	
1.02 ± 0.06

	
0.56 ± 0.06

	
1.01 ± 0.05

	
0.7 ± 0.06




	
7

	
15.15

	
1003

	
1002

	
MM

	
α-Phellandrene

	
0.79 ± 0.06

	
0.04 ± 0.02

	
0.06 ± 0.01

	
0.03 ± 0.02

	
0.08 ± 0.01

	
0.16 ± 0.01

	
0.12 ± 0.01




	
8

	
15.48

	
1010

	
1011

	
BM

	
δ-3-Carene

	
0.34 ± 0.05

	
0.10 ± 0.01

	
0.58 ± 0.02

	
-

	
0.44 ± 0.02

	
0.47 ± 0.03

	
0.34 ± 0.07




	
9

	
15.81

	
1016

	
1017

	
MM

	
α-Terpinene

	
0.45 ± 0.04

	
0.41 ± 0.02

	
0.37 ± 0.02

	
0.41 ± 0.02

	
0.37 ± 0.02

	
0.47 ± 0.04

	
0.46 ± 0.06




	
10

	
16.36

	
1029

	
1024

	
MM

	
o-Cymene

	
0.63 ± 0.07

	
-

	
-

	
-

	
-

	
-

	
-




	
11

	
16.52

	
1035

	
1031

	
BMO

	
1,8-Cineole

	
41.01 ± 0.3

	
43.52 ± 0.35

	
39.9 ± 1.17

	
40.7 ± 0.23

	
31.31 ± 0.17

	
42.39 ± 0.83

	
33.72 ± 0.14




	
12

	
17.57

	
1052

	
1050

	
AM

	
(E)-β-Ocimene

	
0.05 ± 0.01

	
0.13 ± 0.01

	
0.15 ± 0.01

	
0.27 ± 0.02

	
0.11 ± 0.01

	
0.10 ± 0.01

	
0.11 ± 0.01




	
13

	
18.03

	
1061

	
1059

	
MM

	
γ-Terpinene

	
0.79 ± 0.03

	
0.74 ± 0.01

	
0.75 ± 0.04

	
0.68 ± 0.03

	
0.71 ± 0.01

	
0.86 ± 0.01

	
0.83 ± 0.02




	
14

	
18.48

	
1070

	
1070

	
BMO

	
cis-Sabinene hydrate

	
0.22 ± 0.01

	
0.33 ± 0.02

	
0.32 ± 0.01

	
0.38 ± 0.01

	
0.22 ± 0.01

	
0.26 ± 0.01

	
0.21 ± 0.01




	
15

	
19.53

	
1088

	
1088

	
MM

	
Terpinolene

	
0.37 ± 0.03

	
0.28 ± 0.02

	
0.3 ± 0.02

	
0.30 ± 0.03

	
0.25 ± 0.02

	
0.44 ± 0.01

	
0.32 ± 0.02




	
16

	
20.08

	
1098

	
1098

	
BM

	
trans-Sabinene hydrate

	
0.18 ± 0.02

	
0.20 ± 0.03

	
0.17 ± 0.01

	
0.18 ± 0.03

	
0.06 ± 0.01

	
0.13 ± 0.01

	
0.11 ± 0.01




	
17

	
20.3

	
1102

	
1096

	
AMO

	
Linalool

	
1.08 ± 0.05

	
3.93 ± 0.06

	
1.09 ± 0.02

	
2.80 ± 0.03

	
11.72 ± 0.13

	
3.44 ± 1.85

	
10.29 ± 0.14




	
18

	
21.24

	
1123

	
1120

	
BMO

	
Sabina ketone dehydro

	
0.08 ± 0.01

	
0.09 ± 0.01

	
0.06 ± 0.01

	
0.08 ± 0.01

	
0.07 ± 0.01

	
0.07 ± 0.01

	
0.08 ± 0.01




	
19

	
21.51

	
1129

	
1126

	
MMO

	
α-Campholenal

	
0.01 ± 0.01

	
-

	
-

	
-

	
-

	
-

	
-




	
20

	
21.65

	
1132

	
1132

	
AM

	
(allo)-Ocimene

	
0.01 ± 0.01

	
0.01 ± 0.01

	
0.02 ± 0.01

	
0.01 ± 0.01

	
0.01 ± 0.01

	
0.01 ± 0.01

	
-




	
21

	
22.07

	
1141

	
1139

	
MBO

	
trans-Pinocarveol

	
0.04 ± 0.01

	
-

	
-

	
-

	
-

	
-

	
-




	
22

	
22.17

	
1143

	
1144

	
AM

	
(neo-allo)-Ocimene

	
0.08 ± 0.01

	
0.03 ± 0.02

	
0.03 ± 0.01

	
0.04 ± 0.01

	
0.06 ± 0.01

	
0.04 ± 0.01

	
0.04 ± 0.01




	
23

	
23.83

	
1156

	
1154

	
OT

	
Isobutyl hexanoate

	
-

	
0.01 ± 0.01

	
-

	
0.02 ± 0.01

	
0.08 ± 0.01

	
-

	
-




	
24

	
24.04

	
1160

	
1164

	
AMO

	
(Z)-Isocitral

	
0.04 ± 0.01

	
-

	
-

	
-

	
-

	
-

	
-




	
25

	
23.44

	
1168

	
1169

	
BMO

	
Borneol

	
0.19 ± 0.01

	
0.37 ± 0.02

	
0.17 ± 0.01

	
0.02 ± 0.01

	
0.04 ± 0.01

	
0.03 ± 0.01

	
0.05 ± 0.01




	
26

	
23,52

	
1170

	
1171

	
MMO

	
(neoiso)-Isopulegol

	
0.22 ± 0.02

	
0.20 ± 0.02

	
0.26 ± 0.01

	
0.28 ± 0.01

	
0.14 ± 0.01

	
0.15 ± 0.01

	
0.2 ± 0.01




	
27

	
24.01

	
1179

	
1177

	
MMO

	
Terpinen-4-ol

	
2.33 ± 0.11

	
1.45 ± 0.03

	
1.46 ± 0.01

	
1.25 ± 0.01

	
1.74 ± 0.01

	
1.58 ± 0.05

	
1.69 ± 0.01




	
28

	
24.74

	
1192

	
1188

	
MMO

	
α-Terpineol

	
2.27 ± 0.10

	
1.00 ± 0.05

	
2.55 ± 0.04

	
2.91 ± 0.01

	
0.91 ± 0.01

	
1.31 ± 0.05

	
1.92 ± 0.03




	
29

	
25.05

	
1198

	
1196

	
MMO

	
Methyl chavicol

	
0.14 ± 0.01

	
0.07 ± 0.01

	
0.10 ± 0.01

	
0.17 ± 0.01

	
0.16 ± 0.01

	
0.93 ± 0.01

	
0.11 ± 0.01




	
30

	
26.52

	
1232

	
1229

	
AMO

	
Nerol

	
0.22 ± 0.01

	
0.20 ± 0.01

	
0.23 ± 0.01

	
0.10 ± 0.01

	
0.19 ± 0.01

	
0.10 ± 0.01

	
0.15 ± 0.01




	
31

	
27.81

	
1260

	
1257

	
AMO

	
Linalool acetate

	
0.06 ± 0.02

	
0.16 ± 0.04

	
0.05 ± 0.01

	
0.05 ± 0.01

	
0.73 ± 0.04

	
0.22 ± 0.01

	
0.57 ± 0.01




	
32

	
27.88

	
1261

	
1262

	
OT

	
(Z)-Cinnamyl alcohol

	
0.10 ± 0.02

	
0.04 ± 0.01

	
-

	
0.01 ± 0.01

	
0.16 ± 0.03

	
-

	
-




	
33

	
28.48

	
1274

	
1270

	
OT

	
(E)-Cinnamaldehyde

	
0.02 ± 0.01

	
0.02 ± 0.01

	
0.03 ± 0.01

	
0.03 ± 0.01

	
0.01 ± 0.01

	
-

	
0.02 ± 0.01




	
34

	
28.7

	
1278

	
1282

	
BMO

	
(cis)-Verbenyl acetate

	
0.14 ± 0.01

	
0.11 ± 0.05

	
0.03 ± 0.01

	
0.06 ± 0.01

	
0.23 ± 0.01

	
0.13 ± 0.01

	
0.12 ± 0.01




	
35

	
29.16

	
1288

	
1288

	
BMO

	
Bornyl acetate

	
0.59 ± 0.01

	
0.82 ± 0.15

	
0.25 ± 0.36

	
0.16 ± 0.02

	
0.13 ± 0.01

	
0.13 ± 0.01

	
0.19 ± 0.01




	
36

	
29.5

	
1294

	
1290

	
BMO

	
(trans)-Sabinyl acetate

	
0.16 ± 0.01

	
0.14 ± 0.01

	
0.02 ± 0.01

	
0.03 ± 0.01

	
0.28 ± 0.01

	
0.05 ± 0.01

	
0.04 ± 0.01




	
37

	
29.63

	
1297

	
1299

	
MMO

	
Carvacrol

	
0.02 ± 0.01

	
-

	
-

	
-

	
-

	
-

	
-




	
38

	
30.58

	
1319

	
1317

	
MMO

	
δ-Terpinyl acetate

	
0.60 ± 0.02

	
0.46 ± 0.11

	
0.44 ± 0.01

	
0.42 ± 0.01

	
0.48 ± 0.01

	
0.76 ± 0.01

	
0.4 ± 0.01




	
39

	
31.39

	
1338

	
1338

	
MS

	
δ-Elemene

	
0.05 ± 0.01

	
0.06 ± 0.01

	
0.21 ± 0.05

	
0.10 ± 0.03

	
0.08 ± 0.01

	
0.21 ± 0.01

	
0.27 ± 0.12




	
40

	
32.12

	
1355

	
1349

	
MMO

	
α-Terpinyl acetate

	
10.2 ± 0.24

	
11.43 ± 0.21

	
8.51 ± 1.31

	
9.16 ± 0.04

	
9.55 ± 0.03

	
13.00 ± 0.34

	
9.31 ± 0.12




	
41

	
32.45

	
1363

	
1359

	
MMO

	
Eugenol

	
4.12 ± 0.08

	
3.30 ± 0.11

	
3.41 ± 0.15

	
1.97 ± 0.12

	
4.05 ± 0.01

	
2.65 ± 0.02

	
2.81 ± 0.06




	
42

	
32.72

	
1368

	
1361

	
AMO

	
Neryl acetate

	
0.05 ± 0.01

	
0.06 ± 0.01

	
-

	
0.24 ± 0.01

	
0.10 ± 0.01

	
0.17 ± 0.01

	
0.09 ± 0.01




	
43

	
32.96

	
1374

	
1368

	
OT

	
Hydrocinnamyl acetate

	
0.04 ± 0.01

	
-

	
-

	
0.40 ± 0.01

	
-

	
-

	
-




	
44

	
33.1

	
1377

	
1376

	
BS

	
a-Copaene

	
0.01 ± 0.01

	
-

	
-

	
-

	
-

	
-

	
0.08 ± 0.01




	
45

	
33.73

	
1391

	
1390

	
BS

	
iso-Longifolene

	
0.02 ± 0.02

	
-

	
0.03 ± 0.01

	
-

	
-

	
0.08 ± 0.01

	
0.14 ± 0.02




	
46

	
33.83

	
1393

	
1390

	
MS

	
β-Elemene

	
0.32 ± 0.02

	
0.20 ± 0.03

	
0.34 ± 0.07

	
0.32 ± 0.08

	
0.29 ± 0.01

	
0.58 ± 0.01

	
0.79 ± 0.02




	
47

	
34.14

	
1399

	
1400

	
OT

	
Tetradecane

	
0.02 ± 0.01

	
0.13 ± 0.01

	
0.15 ± 0.02

	
0.10 ± 0.01

	
0.05 ± 0.01

	
0.13 ± 0.01

	
0.14 ± 0.01




	
48

	
34.57

	
1410

	
1403

	
MMO

	
Methyl eugenol

	
10.54 ± 0.31

	
4.35 ± 0.07

	
6.08 ± 0.14

	
14.5 ± 0.22

	
14.96 ± 0.05

	
4.07 ± 0.10

	
10.86 ± 0.06




	
49

	
34.97

	
1420

	
1419

	
BS

	
(E)-Caryophyllene

	
0.42 ± 0.14

	
0.34 ± 0.01

	
0.79 ± 0.02

	
0.75 ± 0.02

	
0.32 ± 0.01

	
0.57 ± 0.02

	
0.77 ± 0.01




	
50

	
35.79

	
1441

	
1441

	
BS

	
Aromadendrene

	
0.05 ± 0.01

	
0.01 ± 0.01

	
-

	
-

	
0.07 ± 0.01

	
-

	
0.19 ± 0.01




	
51

	
35.98

	
1445

	
1444

	
BS

	
6,9-Guaiadiene

	
0.03 ± 0.01

	
-

	
-

	
-

	
-

	
-

	
-




	
52

	
36.18

	
1449

	
1446

	
MMO

	
(E)-Cinnamyl acetate

	
-

	
0.03 ± 0.01

	
-

	
0.96 ± 0.02

	
0.09 ± 0.01

	
-

	
-




	
53

	
36.2

	
1451

	
1451

	
BS

	
α-Himachalene

	
0.03 ± 0.01

	
-

	
-

	
-

	
-

	
-

	
-




	
54

	
36.28

	
1453

	
1449

	
BS

	
Spirolepechinene

	
-

	
-

	
-

	
-

	
0.06 ± 0.01

	
-

	
-




	
55

	
36.39

	
1455

	
1454

	
MS

	
α-Humulene

	
0.05 ± 0.01

	
0.24 ± 0.01

	
0.12 ± 0.01

	
0.09 ± 0.01

	
0.08 ± 0.01

	
0.09 ± 0.01

	
0.13 ± 0.01




	
56

	
36.69

	
1462

	
1460

	
BS

	
allo-Aromadendrene

	
0.02 ± 0.01

	
0.01 ± 0.01

	
-

	
-

	
0.07 ± 0.01

	
-

	
0.09 ± 0.01




	
57

	
36.78

	
1463

	
1463

	
BS

	
1(6),4-diene, cis-Cadina

	
0.03 ± 0.01

	
-

	
-

	
-

	
-

	
-

	
-




	
58

	
37.37

	
1479

	
1479

	
BS

	
γ-Muurolene

	
-

	
-

	
-

	
-

	
0.06 ± 0.01

	
-

	
-




	
59

	
37.54

	
1482

	
1485

	
MS

	
Germacrene D

	
0.09 ± 0.01

	
0.03 ± 0.01

	
0.23 ± 0.03

	
0.10 ± 0.01

	
0.03 ± 0.01

	
0.30 ± 0.01

	
0.13 ± 0.01




	
60

	
37.74

	
1487

	
1490

	
BS

	
β-Selinene

	
0.08 ± 0.02

	
0.04 ± 0.01

	
0.05 ± 0.02

	
0.10 ± 0.01

	
0.20 ± 0.01

	
0.07 ± 0.01

	
0.34 ± 0.01




	
61

	
38.12

	
1496

	
1494

	
BSO

	
epi-Cubebol

	
0.10 ± 0.02

	
0.10 ± 0.01

	
0.22 ± 0.01

	
-

	
0.14 ± 0.01

	
-

	
0.09 ± 0.01




	
62

	
38.18

	
1497

	
1495

	
BS

	
γ-Amorphene

	
0.08 ± 0.02

	
0.15 ± 0.01

	
0.38 ± 0.08

	
0.27 ± 0.05

	
0.46 ± 0.04

	
0.26 ± 0.02

	
0.73 ± 0.03




	
63

	
38.62

	
1508

	
1512

	
BS

	
δ-Amorphene

	
0.04 ± 0.01

	
0.07 ± 0.01

	
0.12 ± 0.02

	
0.27 ± 0.07

	
0.07 ± 0.02

	
0.18 ± 0.01

	
0.18 ± 0.03




	
64

	
38.82

	
1515

	
1513

	
BS

	
γ-Cadinene

	
0.10 ± 0.01

	
0.08 ± 0.02

	
0.38 ± 0.01

	
-

	
0.12 ± 0.01

	
0.27 ± 0.01

	
0.18 ± 0.01




	
65

	
39.27

	
1525

	
1523

	
BS

	
δ-Cadinene

	
0.15 ± 0.02

	
0.13 ± 0.01

	
0.25 ± 0.02

	
0.11 ± 0.01

	
0.18 ± 0.01

	
0.46 ± 0.01

	
0.55 ± 0.02




	
66

	
39.57

	
1533

	
1534

	
BS

	
trans-Cadina-1,4-diene

	
0.06 ± 0.01

	
0.07 ± 0.01

	
0.15 ± 0.01

	
-

	
0.01 ± 0.01

	
-

	
0.05 ± 0.01




	
67

	
40.03

	
1545

	
1545

	
BS

	
α-Calacorene

	
0.05 ± 0.01

	
-

	
-

	
-

	
-

	
-

	
-




	
68

	
40.32

	
1552

	
1549

	
MSO

	
Elemol

	
0.10 ± 0.01

	
-

	
-

	
-

	
0.06 ± 0.01

	
-

	
-




	
69

	
40.72

	
1563

	
1557

	
MMO (OT)

	
Elemicin

	
1.19 ± 0.06

	
0.57 ± 0.03

	
0.63 ± 0.01

	
0.60 ± 0.03

	
2.05 ± 0.02

	
0.69 ± 0.01

	
1.19 ± 0.02




	
70

	
41.41

	
1580

	
1578

	
BSO

	
Spathulenol

	
0.44 ± 0.06

	
0.86 ± 0.16

	
1.76 ± 0.12

	
0.26 ± 0.02

	
0.94 ± 0.01

	
0.49 ± 0.03

	
0.78 ± 0.02




	
71

	
41.63

	
1585

	
1583

	
BSO

	
Caryophyllene oxide

	
0.41 ± 0.05

	
0.63 ± 0.12

	
0.83 ± 0.04

	
0.16 ± 0.01

	
0.33 ± 0.01

	
0.21 ± 0.01

	
0.36 ± 0.02




	
72

	
41.97

	
1594

	
1592

	
BSO

	
Viridiflor

	
0.04 ± 0.01

	
-

	
-

	
-

	
0.09 ± 0.01

	
-

	
-




	
73

	
42.21

	
1600

	
1600

	
OT

	
Hexadecane

	
0.08 ± 0.01

	
0.20 ± 0.06

	
0.28 ± 0.02

	
0.21 ± 0.01

	
0.12 ± 0.01

	
0.29 ± 0.04

	
0.33 ± 0.01




	
74

	
43.01

	
1622

	
1623

	
BSO

	
10-epi-γ Eudesmol

	
0.05 ± 0.02

	
-

	
-

	
-

	
0.07 ± 0.01

	
-

	
-




	
75

	
43.41

	
1633

	
1632

	
BSO

	
γ-Eudesmol

	
0.27 ± 0.01

	
-

	
-

	
-

	
-

	
-

	
-




	
76

	
44.17

	
1653

	
1653

	
BSO

	
α-Eudesmol

	
0.23 ± 0.01

	
0.08 ± 0.03

	
0.28 ± 0.02

	
0.11 ± 0.01

	
0.38 ± 0.01

	
0.14 ± 0.02

	
0.25 ± 0.03




	
77

	
44.33

	
1658

	
1658

	
BSO

	
Valerianol

	
0.29 ± 0.03

	
0.39 ± 0.08

	
0.16 ± 0.02

	
0.15 ± 0.01

	
0.35 ± 0.04

	
0.37 ± 0.02

	
0.55 ± 0.05




	
78

	
44.51

	
1662

	
1663

	
BSO

	
7-epi-α Eudesmol

	
0.08 ± 0.01

	
0.14 ± 0.02

	
0.14 ± 0.01

	
0.15 ± 0.01

	
0.08 ± 0.02

	
0.08 ± 0.01

	
0.08 ± 0.01








Abbreviations: AM—aliphatic monoterpene; MM—monocyclic monoterpene; BM—bi- and tricyclic monoterpene; AMO—aliphatic monoterpenoid; MMO—monocyclic monoterpenoid; BMO—bi- and tricyclic monoterpenoid; AS—aliphatic sesquiterpene; MS—monocyclic sesquiterpene; BS—bi- and tricyclic sesquiterpene; ASO—aliphatic sesquiterpenoid; MSO—monocyclic sesquiterpenoid; BSO—bi- and tricyclic sesquiterpenoid; OT—other. SD—standard deviation; Exp. RI—experimental retention index; Ref. RI—literature data; tR—retention time.












3.2. Multivariate Analysis


Multivariate analyses of the untargeted and targeted data were performed to establish metabolite differences in the analyzed EOs based on the GC data. Principal Component Analysis (PCA) was primarily used to categorize data and to find correlations between samples and variables. The PLS-DA was calculated to assess the similarities/differences between the essential oils of L. nobilis L. and to highlight the metabolites that contribute the most to the variety of differentiation by means of Variable Importance in Projection analysis (VIP). The first three components accounted for 67.3% (PC1 = 13.5%, PC2 = 43.6%, and PC3 = 10.2%), and the model was determined by R2 and Q2 values. The score plot of the PLS-DA (Figure 2 and Figure 3) shows seven different clusters, with a slight similarity between LNMO2 and LNCA.



In order to investigate the metabolites that differentiate the EOs the most and are responsible for cluster separation, the VIP analysis was performed, showing the top ten metabolites with a VIP value > 1 along PC1 (Figure S2) and along PC2 (Figure S3). In the loading plot of the PLS-DA where the variables are displayed (Figure 3), α-pinene, sabinene, 1,8-cineole, α-terpinyl acetate, linalool, and methyl eugenol represent the main metabolites that contribute to the discrimination of samples.



In fact, the major discriminating metabolites observed in the loading plot are in accordance with the VIP plots, which explain the differentiation of the varieties shown in the score plot of the PLS-DA.




3.3. Total Phenols, Antioxidant Potential, and Reducing Activity


It is known that phenolic compounds are one of the most important classes of natural antioxidants, and their richness affects the antioxidant activity of plant tissues [92]. In this study, we aimed to assess whether EOs’ in vitro antioxidant activity was also attributable to non-phenolic components together with the influence of altitude, as previously reported [93,94]. Several in vitro tests are often used to assess the antioxidant capacity of EOs based on various chemical methodologies. Hence, the combination of different complementary assays can give a clearer idea of the antioxidant activity [95]. Two different assays were used in this study, which showed differences in antioxidant activity between the various EO accessions. The potential antioxidant capacity of seven samples was measured using 1,1-diphenyl-2-picrylhydrazyl (DPPH) [96] and ferric-reducing antioxidant power (FRAP) [77] model systems.



The IC50 values of the antioxidant activity of the EOs from the leaves of L. nobilis and ascorbic acid as a positive control are displayed in Table 2. In the DPPH assay, the reduction of the stable radical DPPH to the yellow-colored DPPH-H is employed to measure the capability of an antioxidant molecule to act as a donor of hydrogen atoms or electrons. In this radical scavenging assay, all EO samples displayed an IC50 ranging from 411.55 mg/mL (LNMO2) to 535.90 mg/mL (LNMO4), with a weak activity when compared with the value of standard ascorbic acid (3.75 μg/mL). In the FRAP assay, the values found for EOs (from 0.51 to 0.27 mmol TE/g) showed a low reducing activity with respect to the reference ascorbic acid (11.10 mmol TE/g). Generally, the antioxidant capacity is positively correlated with total phenol content (TPC) levels; so, in EOs, the higher TPC, as in LNMO1 (11.36 mg GAE/g), corresponds to the best reducing capacity (0.51mmol TE/g FRAP) with good antioxidant activity (IC50 465.58 μg/mL) in the DPPH assay. The sample LNMO4 has the lowest TPC (6.60 mg GAE/g), which corresponds to a weak reducing power (0.27 mmol TE/g) in the FRAP assay. L. nobilis grown in plain areas and near the sea (LNMO1) presents the highest TPC, while there is a high degree of similarity between samples collected in areas of increasing altitude. Interestingly, LNCA (about 35 m a.s.l.) has the lowest TPC, and the harvest site is far from the sea in an inland hilly area. Since EOs are complex mixtures often composed of many different molecules, their biological activity is difficult to rationalize; therefore, the numerous papers reported on the antioxidant activity of EOs usually assume synergism, antagonism, and additivity between the various compounds [97].





 





Table 2. Total phenolic content (TPC) and antioxidant capacity of EOs of L. nobilis assessed by DPPH and FRAP methods. IC50: the concentration of the extract that inhibits 50% of the radical activity. TE: Trolox equivalent. GAE: gallic acid equivalent. Each value is a mean ± SD of triplicate analysis.






Table 2. Total phenolic content (TPC) and antioxidant capacity of EOs of L. nobilis assessed by DPPH and FRAP methods. IC50: the concentration of the extract that inhibits 50% of the radical activity. TE: Trolox equivalent. GAE: gallic acid equivalent. Each value is a mean ± SD of triplicate analysis.





	Sample
	TPC

(mg GAE/g)
	DPPH

IC50 (μg/mL)
	FRAP

(mmol TE/g)





	LNMO1
	11.36 ± 0.23
	465.58 ± 2.80
	0.51 ± 0.01



	LNMO2
	10.55 ± 0.24
	411.55 ± 13.11
	0.32 ± 0.01



	LNMO3
	10.13 ± 0.14
	423.04 ± 26.24
	0.30 ± 0.01



	LNMO4
	6.60 ± 0.29
	535.90 ± 28.02
	0.27 ± 0.01



	LNMO5
	10.24 ± 0.30
	505.91 ± 10.57
	0.40 ± 0.01



	LNCA
	7.97 ± 0.24
	519.90 ± 17.12
	0.27 ± 0.01



	LNAB
	8.28 ± 0.17
	423.76 ± 10.86
	0.30 ± 0.01



	Ascorbic acid
	-
	3.75 ± 0.01
	11.10 ± 0.2







Abbreviations: LNMO1: sample collected in Petacciato (CB); LNMO2: sample collected in Campobasso (CB); LNMO3: sample collected in Isernia (IS), LNMO4: sample collected in Carpinone (IS); LNMO5: sample collected in Capracotta (IS) LNAB: sample collected in Rosciano (Pescara); LNCA: sample collected in Santa Maria Capua Vetere (Caserta).











We assume that the main cause of the moderate antioxidant activity of our EOs is a modest content of phenolic compounds represented only by a few phenylpropanoids such as eugenol and methyl eugenol, two benzene derivatives where the -OH group of eugenol is replaced by the -OCH3 group in methyl eugenol. In the EO samples, the amount of methyl eugenol is rather high in the LNMO1, LNMO4, and LNABA samples (10.54, 14.5, and 10.86, respectively), while the content of eugenol ranges from 1.97 (LNMO4) to 4.12 (LNMO1).



Recently, Nenadis et al. [98] demonstrated, by means of theoretical and experimental tests, that methyl eugenol exhibits a low scavenging potential compared to that of eugenol against the DPPH radical. We also observed that cultivation in the entire Molise region did not produce a significant difference in EO yield between the lowland and mountainous–hilly areas, ranging from 0.24% (LNMO3) to 0.5% in LNMO4. The highest yield was found for the EO sample LNAB (1.1%) collected in the neighboring region.



In conclusion, our results show a high degree of similarity among the EOs for TPC, scavenging potential, and reducing activity. Only LNMO1 collected at sea level differs from the other samples, followed by LNMO2, LNMO3, and LNMO5 collected between 400 and 1400 m in the Molise region, while LNCA and LNAB from the neighboring regions are very similar and have a lower TPC content.




3.4. Cell-Free sEH Activity Assay


Numerous studies indicate that sEH inhibitors could offer significant therapeutic benefits in treating and managing inflammatory diseases and associated pain [99,100]. Structure–activity relationship studies suggest that lipophilicity plays a critical role in determining the inhibition of the sEH enzyme, as observed in synthetic 1,3-disubstituted ureas, carbamates, and amides [101]. In fact, a typical sEH hydrolase site inhibitor should have a “urea/amide-like portion” able to interact with the catalytic triad (i.e., Tyr383, Tyr466, and Asp335) and a “hydrophobic portion” able to interact with a large L-shaped hydrophobic region (i.e., Phe267, Phe387, Leu408, Met419, and Leu428) at the entrance of the catalytic binding site (vide infra) [102].



Recently, several natural products have already been identified as sEH inhibitors, including natural ureas, triterpenoids, flavonoids, and phenylpropionic acids [103]. Natural products can be modified by introducing polar groups to improve solubility, offering new avenues for developing sEH inhibitors for clinical applications as an alternative chemical scaffold to synthetic compounds. In some cases, extracts from plant origins were tested, and after verifying their ability to inhibit the sEH protein, each component was isolated to determine which one was responsible for the activity on the target [104,105].



Thus, in line with previous studies on natural extracts, we evaluated the potential ability of the EOs of seven Italian Laurus nobilis L. varieties to inhibit the sEH enzyme. The different samples of Laurus nobilis L. essential oils were solubilized in EtOH, and their inhibitory potencies were measured against human sEH using a fluorescent assay, as described by Colarusso et al. [106] (see Materials and Methods Section). The half-maximal inhibitory concentration (IC50) values were determined for each oil starting at a concentration of 10 mg/mL, and adjustments were made to higher or lower concentrations depending on the initial results. All of the oils were able to inhibit the sEH enzyme (Table 3 and Figure 4), with LNMO5, LNAB, and LNMO3 possessing the most potent inhibitory activities (IC50 = 16.5 ± 4.3, 48.8 ± 2.6, and 71.2 ± 3.4 mg/mL, respectively). LNCA and LNMO4 showed moderate activity in inhibiting sEH (IC50 = 125.7 ± 9.4 and 421.2 ± 14.6 mg/mL, respectively). Instead, sEH activity inhibition was less effective for the oils LNMO1 and LNMO2 (IC50 > 500 mg/mL).



Interestingly, these results point out the promising anti-inflammatory activity of the EOs, considering that they are a mixture of multiple volatile phytochemicals, each of which does not exert its own unique chemical profile. The observed biological activities, in fact, are due to the co-presence of compounds that could act in a synergetic or antagonistic manner toward the target. Moreover, these results are compatible with a fragment virtual screening approach of natural compounds because we speculate that the observed inhibitory sEH hydrolase activity could be ascribed to the most abundant volatile secondary metabolites (vide supra). The latter could be used as a starting point for further studies on compounds isolated from EOs, exploring further pathways of inflammation-related lipid mediators.




3.5. Computational Studies to Analyze Interactions between sEH and the Main Chemical Constituents of the EOs


To rationalize the inhibitory activity of EOs on sEH, we performed computational studies on the most abundant volatile secondary metabolites (≥ 1.0%, Table 1) identified by GC-FID and GC/MS analysis. Molecular docking experiments allowed for the analysis of the interactions at the molecular level between the enzyme and this small set of natural products (Figure 1 and Figures S4–S7, related to the area (%) as ≥1.0% and ≥0.5%, respectively) found in greater concentrations in each sample of EOs. As mentioned above, a well-known sEH hydrolase site inhibitor (Figure 5c) should have a chemical group (“urea/amide-like portion”) able to establish hydrogen bonds with the catalytic triad (i.e., Tyr383, Tyr466, and Asp335) and a “hydrophobic portion” able to interact with a large L-shaped hydrophobic region (i.e., Phe267, Phe387, Leu408, Met419, and Leu428) at the entrance of the catalytic binding site (vide supra). These chemical features are, in fact, respected by the known inhibitor 4A0 used as a reference during our computational studies. More specifically, we analyzed the in silico data, considering these EO phytochemicals as fragment hits derived through virtual screening of natural compounds. Notably, we have hypothesized that these natural fragment hits could interact, in a similar manner with the known inhibitor 4A0, with an L-shaped hydrophobic tunnel, hampering access to the endogenous substrate of the enzyme hydrolase site (Figure 5 and Table S2). In fact, these compounds exhibit fragment-like properties with a shape similar to that of the adamantyl group of the known inhibitor 4A0 [78]. Thus, in this inhibitor, these molecules consist of a sterically encumbered hydrophobic group that can occupy the lipophilic region of the enzyme. For the sake of simplicity, we used the binding mode of α-pinene and 1,8-cineole (Figure 5), two of the compounds present in comparable concentrations in the EOs analyzed, to corroborate our hypothesis. In more detail, it fits into the opening of the enzyme binding site by occupying the hydrophobic region surrounded by Leu408, Met419, and Phe267, in the same way as the adamantyl group of the known inhibitor 4A0 co-crystallized with sEH (PDB ID: 4Y2X [78]).



Interestingly, methyl eugenol, linalool, terpinen-4-ol, and eugenol are the compounds that, in addition to occupying the hydrophobic L-shaped pocket, establish further interactions with amino acids of the catalytic site of the enzyme (Figure 6). Thus, these data are in agreement with the more significant observed inhibitory activity against sEH, where they have been found in higher concentrations in the most active essential oils, namely LNMO5, LNAB, and LNMO1.



In detail, methyl eugenol, abundant in LNMO5 and present in slightly lower concentrations in LNAB and LNMO1, binds to the active site of sEH by occupying the hydrophobic pocket and establishing an interaction with Try383, one of the amino acids in the catalytic triad of the enzyme (Figure 6a). Linalool, detected in higher concentrations in LNMO5 and LNAB, forms an H-bond with Asp335, belonging to the catalytic triad (Figure 6b).



Also, terpinen-4-ol, a component mainly contained in the LNMO5, LNAB, and LNMO1 samples, fits into the hydrophobic region and, through its -OH group, establishes an H-bond with Asp335 (Figure 6c). Finally, eugenol, found in higher concentrations in LNMO5 and LNMO1, forms H-bonds with Asp335 and with His524, which coordinates a water molecule critical in the reaction mechanism catalyzed by the enzyme (Figure 6d).



Based on these data, it is possible to assume that the more potent inhibitory activity observed in the LNMO5, LNAB, and LNMO1 samples could be attributed to the synergistic effect of the compounds that exhibit a better binding mode by occupying the hydrophobic L-shaped pocket and partially interact with the catalytic triad of sEH.





4. Conclusions


The chemical composition of seven EOs of L. nobilis was analyzed, revealing that 1,8-cineole is the predominant component in all samples, followed by methyl-eugenol, α-terpinyl acetate, linalool, and sabinene. Using multivariate data analysis, it was possible to differentiate EOs based on the composition of their metabolites. The total phenolic content (TPC) was determined, and then, the antioxidant potency of the samples was evaluated using the DPPH and FRAP methods. LNMO1 showed the best reducing capacity correlated with the highest total phenol content (TPC); LNMO4 showed the lowest TPC and weakest reducing power. The EOs showed moderate antioxidant activity, probably due to the low content of phenolic compounds represented only by eugenol, methyl eugenol, and elemicin.



Considering these data, which clarify the chemical composition of hydrophobic metabolites in all samples, we tested the EOs as inhibitors of the soluble epoxide hydrolase enzyme (sEH) to verify their anti-inflammatory properties. All essential oils demonstrated the ability to inhibit the sEH enzyme in concentrations ranging from 16.5 ± 4.3 to 8062.3 ± 580.9 mg/mL. These results demonstrate the promising anti-inflammatory activity of EOs, which is attributable to the synergistic or antagonistic activity that co-present compounds exert on the target. Furthermore, computational investigations suggest that the most abundant volatile secondary metabolites (≥1.0%) represent natural fragment hits derived from these EOs, potentially capable of occupying the L-shaped hydrophobic region of the protein in a manner similar to the adamantyl group of the known inhibitor. Interestingly, among these, methyl eugenol, linalool, eugenol, and terpinen-4-ol have emerged as the most promising natural fragments because they establish interactions with amino acids belonging to both the hydrophobic pocket and the catalytic triad of the enzyme, and this could be responsible for the different trend in inhibitory activity of the seven laurel EOs.



These findings are crucial for the development of naturally derived chemical scaffolds as alternatives to synthetic enzyme inhibitors. In our study, however, it is important to consider that the EOs are mixtures of different components with probably lower activity than pure single compounds. Therefore, our future goal will be to extract the most significant compounds of the EOs of L. nobilis L., test them singularly on the sEH enzyme, and then create, from these fragment hits, semi-synthetic derivatives that can further improve their biological effects.
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Figure 1. Major chemical components (≥1.0%) identified in EOs of L. nobilis L. leaves. 
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Figure 2. A 3D score plot of the PLS-DA of the essential oils of L. nobilis. 
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Figure 3. Loading plot of PLS-DA. 






Figure 3. Loading plot of PLS-DA.



[image: Foods 13 02282 g003]







[image: Foods 13 02282 g004] 





Figure 4. Concentration−response curves for analysis of seven L. nobilis L. essential oils on sEH isolated enzyme. Data are expressed as percentage of control (100%) and means with SD; n = 3. 
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Figure 5. (a) Three-dimensional structure of sEH in complex with known inhibitor 4A0 and α-pinene. (b) Superposition of binding modes of α-pinene (colored by atom type: C orange) and known inhibitor 4A0 (colored by atom type: C cyan, O red, N blue, polar H light gray). Hydrogen bonds are shown as dotted yellow lines. (c) Schematic representation of pharmacophoric portion of known inhibitor 4A0. (d) Superposition of known inhibitor 4A0 (colored by atom type: C cyan, O red, N blue, polar H light gray) with 1,8-cineole (colored by atom type: C yellow, O red, polar H light gray). 
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Figure 6. Superposition of known inhibitor 4A0 (colored by atom type: C cyan, O red, N blue, polar H light gray) with (a) methyl eugenol (colored by atom type: C blue, O red, polar H light gray); (b) linalool (colored by atom type: C pink, O red, polar H light gray); (c) terpinene-4-ol (colored by atom type: C blue, O red, polar H light gray); (d) eugenol (colored by atom type: C green, O red, polar H light gray). Hydrogen bonds are shown as dotted yellow lines, π-π stacking interactions are shown as dotted blue lines, and salt bridges are shown as dotted purple lines. 
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Table 3. IC50 (Half-maximal inhibitory concentration) values of Laurus nobilis essential oils against sEH isolated enzyme. Values are shown as means of three separate experiments ± SD. AUDA was used as reference compound.
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	Tested Oils
	IC50 ± SD

(mg/mL)





	LNMO5
	16.5 ± 4.3



	LNAB
	48.8 ± 2.6



	LNMO3
	71.2 ± 3.4



	LNCA
	125.7 ± 9.4



	LNMO4
	421.2 ± 14.6



	LNMO1
	4513.0 ± 695.1



	LNMO2
	8062.3 ± 580.9



	AUDA (known inhibitor)
	0.068 ± 0.003







Abbreviations: LNMO1: sample collected in Petacciato (CB); LNMO2: sample collected in Campobasso (CB); LNMO3: sample collected in Isernia (IS), LNMO4: sample collected in Carpinone (IS); LNMO5: sample collected in Capracotta (IS) LNAB: sample collected in Rosciano (Pescara); LNCA: sample collected in Santa Maria Capua Vetere (Caserta); IC50: (Half-maximal inhibitory concentration).
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