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Abstract

:

Folk medicine uses wild herbs, especially from the Lamiaceae family, such as oregano and lavender, in the treatment of many diseases. In the present study, we investigated the antibacterial activity of the essential oils of Origanum glandulosum Desf. and Lavandula dentata L. against multidrug-resistant Klebsiella pneumoniae strains. The chemical composition of essential oils and their effect on the ultrastructure of the tested bacteria and on the release of cellular components that absorb at 260 nm were studied. Furthermore, the cytotoxicity and the production of reactive oxygen species in human lymphocytes treated with essential oils were evaluated. Thymol (33.2%) was the major constituent in O. glandulosum, and β-pinene (17.3%) was the major constituent in L. dentata. We observed ultrastructural damage in bacteria and increased release of cellular material. Furthermore, ROS production in human lymphocytes treated with essential oils was lower than in untreated lymphocytes and no cytotoxicity was observed. Therefore, the essential oils of lavender and oregano could be used as a source of natural antibacterial and antioxidant agents with potential pharmacological applications.
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1. Introduction


Infections caused by multidrug-resistant bacteria have become a major global public health problem, particularly through the acquisition of new antibiotic resistance, a consequence of the excessive and inappropriate use of antibiotics [1,2]. Over the past 30 years, extended spectrum β-lactamases (ESBLs) have diffused in most species of Enterobacteriaceae. Previous European studies have shown that Klebsiella pneumoniae and E. coli were the species most frequently responsible for ESBL secretion [3], especially K. pneumoniae, part of the natural intestinal microflora, but regarded as an opportunistic pathogen [4,5]. The colonization of biological tissues by K. pneumoniae frequently causes a large variety of diseases [6,7,8,9,10,11,12].



Klebsiella pneumoniae, belonging to the Enterobacteriaceae family, is a common opportunistic hospital-associated pathogen, accounting for about one-third of all Gram infections overall. It is involved in extra-intestinal infections including urinary tract infections, cystitis, pneumoniae, surgical wound infections, and life-threatening infections such as endocarditis and septicemia. Along with its high prevalence, K. pneumoniae is a major source of antibiotic resistance. Data retrieved from the European Antimicrobial Resistance Surveillance Network (http://atlas.ecdc.europa.eu/public/index.aspx?Instance=GeneralAtlas accessed on 1 May 2021) for the years 2005–2015 show non-susceptible rates for K. pneumoniae and Escherichia coli against the four major antibiotic classes, namely the third-generation cephalosporins, aminoglycosides, fluoroquinolones, and carbapenems.



It is therefore urgent to make available new molecules with antibacterial effects and which can act against multidrug-resistant strains.



Natural substances are promising sources of alternatives drugs [13]. Essential oils have numerous activities, ranging from antibacterial and antiradical [14], insecticide, acaricide, antifungal, cytotoxic, antiviral, antiprotozoan, anthelmintic, antiseptic, and anti-inflammatory [15,16], antitumoral, antioxidant, antiallergic, anticonvulsant, antidepressant, contraceptive, antimutagen, analgesic, and diuretic [17], and anticancer activity as well as activity in preventing the development of cardiovascular and degenerative diseases [18]. Folk medicine uses wild herbs, especially from the Lamiaceae family, such as oregano and lavender, in the treatment of many illnesses [19].



Origanum glandulosum Desf. is an endemic plant in the African-Mediterranean countries, namely Algeria, Tunisia, and Morocco [2,20]. This plant is used by local populations in traditional medicine to treat numerous diseases and is also commonly used as a skin powder in traditional bathrooms [2,20,21,22,23]. O. glandulosum is also used in culinary preparations, as a food additive, in the breeding of bees, as a powerful disinfectant, and as an ingredient in perfumes [22,24]. O. glandulosum is rich in essential oils that have antibacterial, antifungal, insecticidal, antioxidant, antithrombin, antimutagenic, angiogenic, antiparasitic, and antihyperglycemic properties [20,24,25]. In the literature, thymol, carvacrol, γ-terpinene, and p-cymene are reported as the main components [2,24]. These chemicals have received increasing interest, particularly carvacrol, due to their many biological activities, including antibacterial and antifungal activities, antispasmodic effects, acetylcholine esterase inhibition, lipid peroxidase inhibition, radical scavenging effect, and cardiac depressant activity [24].



Lavandula dentata L. grows indigenously on the mountainous regions bordering the Mediterranean with a temperate and mild climate, whose soils are poor and rocky, and is also wildly common on some islands in the Atlantic and in northern Africa, the Middle East, Arabia, and India [18]. It is cultivated for its aromatic flowers. Various ethnobotanical investigations are in favor of their use in therapy for the treatment of digestive disorders, such as inflammatory liver and intestinal diseases, but also for other inflammatory disorders [26,27,28]. The plant is also employed in cosmetics, as scent to perfume linen, in the laundry and soap industry, as well as a wound disinfectant [18,27,28]. Recent pharmacological studies relating to the essential oils of L. dentata have revealed a broad spectrum of biological activities [18,28].



The aim of this study was to assess in vitro the antibacterial activity of the essential oils of O. glandulosum and L. dentata against multidrug-resistant K. pneumoniae strains. The chemical composition of essential oils and their effect on the ultrastructure of the tested bacteria and on the release of cellular components that absorb at 260 nm were studied. Furthermore, the cytotoxicity and the production of ROS in human lymphocytes treated with essential oils were evaluated.




2. Materials and Methods


2.1. Plant Material and Essential Oils Extraction


Lavandula dentata L. and Origanum glandulosum Desf. were collected in Madegh forest (Oran, Algeria) in March 2016, carefully cleaned, and left to dry in the shade. The essential oils were obtained by steam distillation using a Clevenger type apparatus on 200 g (dry weight) of plant material for 3 h. The resulting oils were dehydrated with magnesium sulfate (MgSO4) and stored at 4 °C in the dark [29].



The essential oil yield, the ratio of the weight of the extracted oil to the dry weight of the plant, was calculated according to the formula by Cheurfa et al. [30].




2.2. Bacterial Strains


Fifteen extended-spectrum beta-lactamase (ESBL) Klebsiella pneumoniae strains were isolated in different medical specimens (urine, pus, blood culture, cerebrospinal fluid, catheter, peritoneal abscess, surgical wound) from the various departments of the Regional Military University Hospital of Oran, Algeria. Different clinical specimens including blood, cerebrospinal fluids, urine and catheter, pus, perirectal abscess, and surgical wounds were collected from patients with suspected clinical infections in different units and departments of the hospital. The specimens were cultured on blood, MacConkey, and CLED agar (for urine only) plates and incubated aerobically for 24 h at 37 °C for preliminary identification of bacteria using conventional colony morphology, Gram stain reaction, and disc diffusion test for antibiotic susceptibility testing (AST). Confirmation of isolates, antibiogram, minimum inhibitory concentration (MIC), and detection of resistance phenotypes were carried out using the automated Vitek 2 (BioMérieux) identification and susceptibility method. ESβL production was confirmed by the synergy and combination disc tests. ESβL genes were detected by conventional simplex PCR. A total of 630 clinical samples of patients (one sample per patient) were processed. Klebsiella pneumoniae was isolated in 40 (6.3%) samples, and 15 of these (37.5%) produced ESβL. In the disc diffusion AST assay, all 40 K. pneumoniae isolates were resistant to ampicillin and ticarcillin while all 40 isolates were sensitive to cefoxitin, imipenem, and ertapenem.



Group 1 blaCTX-M genes were detected in 13 of the 15 (86.7%) KP-ESβL isolates, and 46.7% of these isolates were moderate biofilm producers.



The strains were kept in storage media and cultured in Mueller–Hinton broth at 37 °C for 18–24 h before the test. Klebsiella pneumoniae ATCC (700603) was used as control.




2.3. Antibacterial Activity Test


2.3.1. Disc Diffusion Assay


The activity of the oil was assessed by the agar diffusion technique. Briefly, a strain culture of 18–24 h on Mueller–Hinton broth was prepared at a concentration of 108 CFU/mL and then seeded on Mueller–Hinton agar (Fluka BioChemika, Madrid, Spain) by swabbing according to the recommendations of The Clinical and Laboratory Standards Institute guidelines (CLSI 2014). A sterile paper disc (6 mm diameter) imbibed with 10 μL of the tested oil was placed in the center of the seeded dish [31,32] and the plates were then stored for 1 h at room temperature.



After 24 h of incubation at 37 °C, the inhibition zones were measured (mm). All experiments were performed in triplicate. The susceptibility of bacterial strains to the essential oil was classified as follows: not susceptible for a diameter of lesser than 8 mm, moderately susceptible (+) for a diameter ranging from 8 to 14 mm, susceptible (++) for a diameter of 14 to 20 mm, and very susceptible (+++) for a diameter greater than 20 mm [1].




2.3.2. Determination of MIC and MBC


After growing on Mueller–Hinton (MH) agar plates, bacterial strains were suspended in MH broth. The minimum inhibitory concentration MIC values were determined using MH broth dilution method according to Khadir et al. [32] and Bazargani et al. [33] with some modifications.



The inoculum suspensions were prepared from 6 h broth cultures (diluted to 1/100) and adjusted to a 0.5 McFarland standard turbidity. The essential oil extracts, sterilized by 0.45 mm Millipore filters, were added to MH broth medium. Serial 10-fold dilutions were made in the MH broth and 1% of Tween 80 (Fluka Bio Chemika, Spain) was added to ensure the miscibility of the oils.



Final oil concentrations ranged between 50 and 0.098 mg/mL for O. glandulosum and 100 and 0.19 mg/mL for L. dentata, following 2-fold dilution. A positive control consisting of 100 μL of bacterial suspension in MH and a negative control consisting of MH broth with Tween 80 at 1% were used. After testing concentrations diluted tenfold, the lowest concentration that had shown inhibitory activity was subjected to further twofold dilution for more precise measurement of MIC. The bacterial suspensions were aerobically incubated for 24 h at 37 °C. The MIC was defined as the lowest concentration able to inhibit any visible bacterial growth.



To determine the minimum bactericidal concentration (MBC), a 10 μL aliquot from each tube showing no visible growth was distributed into plates of MHA. MBC was the lowest concentration which did not give culture on the agar plates after 24 h at 37 °C.





2.4. Gas Chromatography/Mass Spectrometry (GC/MS) Analysis


As reported in Flamini et al. [34], gas chromatography/mass spectrometry (GC/MS) analyses were performed with a Varian CP-3800 instrument (Agilent Technologies Inc., Santa Clara, CA, USA) using a non-polar DB-5 (Agilent Technologies Inc., Santa Clara, CA, USA) capillary column (length: 30 m; internal diameter 0.25 mm; film thickness 0.25 µm) and a ion trap mass detector Varian Saturn 2000 (Agilent Technologies Inc., Santa Clara, CA, USA, with the following temperature program: from 60 to 240 °C at 3 °C/min, injector and transfer line temperature 220 and 240 °C, respectively. The carrier gas was He at 1 mL/min and the injection volume 1 µL.



The identification of the constituents was based on the comparison of their retention times (Rt) with those of the pure reference samples and their linear retention indices (LRI) determined using the tR of a series of n-alkanes. The detected mass spectra were compared to those listed in the NIST (National Institute of Standards & Technology) and ADAMS commercial libraries, as well as in a homemade mass spectra library.




2.5. Measurement of Release of 260-nm Absorbing Cellular Materials


Measurement of the release of cellular materials absorbing at 260 nm from K. pneumoniae ESBL cells was performed in 2 mL aliquots of the bacterial inocula, which were diluted in MHB to obtain 1 × 106 CFU/mL. Then, 1 mL of the suspensions were incubated with the essential oils at the MIC at 37 °C for 60 min, then filtered through filter membranes (0.22 μm) and the absorbance of the filtrates was measured at 260 nm using a Thermo Helios Omega UV–Vis spectrophotometer. Bacterial suspensions without essential oils were used as controls and similarly tested [35].




2.6. Transmission Electron Microscopy TEM


Bacterial suspensions (5 mL) at 1 × 107 CFU/mL were incubated (at 37 °C for 24 h) without (negative control) and with the essential oils of the most active plant, O. glandulosum, at concentration corresponding to the MIC value. After incubation, the bacterial suspensions were centrifuged at 1300 g for 10 min at room temperature and the pellets underwent fixation in 2.5% glutaraldehyde buffered solution for 2 h at room temperature and post-fixation in 1% osmium tetroxide buffered solution for 1.5 h at room temperature. The specimens then underwent dehydration with ethyl alcohol and embedding in Spurr resin. Sections 50 nm thick were stained with uranyl acetate replacement (UAR) dye (Electron Microscopy Sciences) and lead citrate. Observations were carried out under a Philips EM 208S TEM at 80 KV.




2.7. Blood Collection and Polymorphonuclear Leukocytes (PMN) Isolation


The blood was collected from three healthy fasting donors subjected to peripheral blood sampling in K3EDTA vacutainers (Becton Dickinson, Plymouth, UK). PMN isolation was performed following the protocol reported by Russi et al. [36] and Di Napoli et al. [37]. In summary, PMNs were isolated using a discontinuous gradient. The blood was centrifuged at 200× g for 25 min at room temperature. The PMN layer was collected and washed twice in PBS.




2.8. Cell Viability Test


In order to study the safety of the essential oils, their cytotoxicity was evaluated by the MTT test on human lymphocytes, which were purified by Ficoll-Paque density gradient centrifugation [38,39]. Briefly, 432.9 μL of RPMI1640 medium (1 × 106 lymphocytes/mL) were treated with 20.3, 40.6, and 81.2 mg/mL of L. dentata and 2.6, 5.2, and 10.4 mg/mL of O. glandulosum essential oils and incubated at 24–37 °C and 5% CO2. The three concentrations correspond to the mean MIC value, half the mean MIC value, and double the mean MIC value.



3-(4,5-Dimethyllthiazol-2yl)-2,5-diphenyltetrazoliumbromide (MTT) was prepared according to the manufacturer’s instructions (MTT Cell Viability assay Kit; Biotum, Inc.) and 40 μL of a 5 mg/mL MTT solution was added and incubated for 2 h at 37 °C. The produced water-insoluble blue formazan crystals were dissolved in 500 μL of dimethyl sulfoxide (DMSO; Sigma-Aldrich, Saint Quentin Fallavier, France) by shaking for 15 min using an orbital shaker at 20 °C [40]. Absorbance was measured at 570 and 630 nm to obtain the cell viability percentage, calculated using the following formula: (OD(570 nm) − OD(630 nm) treated)/(OD(570 nm) − OD(630 nm) untreated) × 100% [17,41].



All experiments were performed in triplicate, and the relative cell viability was expressed as a percentage relative to the untreated control cells (cells in RPMI 1640 medium).




2.9. Reactive Oxygen Species ROS Generation


Dichlorofluorescein (DCF) assay was performed to quantify ROS generation according to Manna et al. [42]. The leukocytes were treated with essential oils (MIC values and double MIC values: Origanum 5.2 and 10.4 mg/mL and Lavandula 40.6 and 81.2 mg/mL) for 6 h and then incubated with the non-polar and non-fluorescent 2’,7’-dichlorodihydrofluorescin diacetate (DCFH-DA), at 10 μM as final concentration, for 15 min at 37 °C. ROS quantity was monitored by fluorescence (excitation wavelength of 350 nm and an emission wavelength of 600 nm) on a microplate reader. Results were expressed as fluorescence intensity.




2.10. Statistical Analysis


The absorption at 260 nm, the ROS generation, and the cell viability of human lymphocytes were examined by one-way analysis of variance (ANOVA), followed by Tukey’s multiple comparison post hoc test. GraphPad Prism 5 was utilized for statistical analysis.





3. Results


3.1. Essential Oils Extraction


The average essential oil yields for L. dentata and O. glandulosum samples are 1.2% and 3.15% respectively.




3.2. Gas Chromatography/Mass Spectrometry (GC/MS) Analysis


The results of GC/MS chemical analyses of the essential oils are shown in Table 1.



In L. dentata essential oil, 43 components were identified by GC/MS. The main constituents are β-pinene (17.3%), followed by myrtenal (10.2%), trans-pinocarveol (8.7%), α-thujene (7.2%), linalool (6.8%), and 1.8-cineole (6.1%). Among the identified 23 components, the analysis of O. glandulosum essential oil revealed that the main compounds are thymol (33.2%), γ-terpinene (25.4%), p-cymene (16.1%), and carvacrol (13.0%) (Table 1).




3.3. Antibacterial Activity


The diameters of the inhibition zones caused by application of the essential oils on β-lactamase expanded spectrum producing K. pneumoniae are summarized in Table 2.



The essential oils extracted from L. dentata exert a growth inhibiting activity against ESBL K. pneumoniae strains with an average inhibiting zone of 9.3 ± 0.9 mm. The inhibition zone diameters observed with O. glandulosum show remarkable sensitivity of the tested bacteria with an average of 43.5 ± 6.7 mm (Figure 1).



O. glandulosum essential oils were found to be the most active with mean MIC and MBC values equal to 5.2 and 7.4 mg/mL followed by L. dentata with mean MIC and MBC values equal to 40.6 and 48.1 mg/mL, respectively (Table 2).



The essential oils of O. glandulosum were found to be more active than the essential oils of L. dentata. In fact, O. glandulosum essential oils have mean MIC and MBC values equal to 5.2 and 7.4 mg/mL, while L. dentata have mean MIC and MBC values equal to 40.6 and 48.1 mg/mL respectively (Table 2).




3.4. Measurement of Release of 260 nm Absorbing Cellular Materials


In this study, the absorption at 260 nm of the treated and untreated filtrates was significantly different. Table 3 shows the absorbent materials at 260 nm in the treated K. pneumoniae filtrates. Significant increases in absorption at 260 nm occurred after treatment with the essential oils of L. dentata and O. glandulosum at the MIC values. The treated filtrates gave an absorbance of 1.417 for O. glandulosum and 1.342 for L. dentata. Control untreated filtrates showed an absorbance of 0.003 and 0.002 (Table 3).




3.5. TEM (Transmission Electron Microscopy) Observation


Under TEM microscope, untreated samples appeared as typically rod-shaped cells (Figure 2a,b), delimited by a well visible, typically smooth, and multi-layered surface (Figure 2b,c). The protoplast has a normal grainy appearance, more electron-dense in the periphery and more clear in the center (Figure 2b,c). Differently, oregano and lavender essential oil-treated cells lost the typical rod shape and appear globular (Figure 2d–f). The protoplast is not grainy but shows large electron dense areas (Figure 2d–f). The cell surface developed bulges and external curly filaments (Figure 2d–f). At higher magnification, the bulges can appear as dilation of the outer membrane, while the inner one and the wall maintain their continuity (arrow in Figure 2e).




3.6. Cell Viability Test


Both the essential oils exhibited a good safety profile against lymphocytes after a 24 h incubation (Figure 3). Lavender and oregano essential oils showed only mild cytotoxic effects and no reduction in cell viability was observed at all tested concentrations.




3.7. Reactive Oxygen Species (ROS) Generation


As can be seen from Figure 4, ROS production in PMNs decreases when treated with O. glandulosum and L. dentata extracts compared to the control. Notably, ROS levels decrease when leukocytes have been treated with double MIC concentrations for both essential oil extracts. In particular, the extract of O. glandulosum is more active than that of L. dentata.





4. Discussion


The results of this work show that both L. dentata and O. glandulosum are valid sources of essential oils with useful biological activities, and oregano essential oil in particular proved to be most active for the tested activities.



For L. dentata, our essential oil yields are in agreement with the literature data: 1.44% [43], 0.89% [18], and 1.1% [44]. Higher yields than ours were found by Bachiri et al. [28], Bachiri et al. [27], and Dammak et al. [45]: 2.9%, 2.6%, and 1.76% respectively. Conversely, Dob et al. [46] and Silva-Flores et al. [47] reported yield results lower than ours: 0.79% and 0.53% respectively. As for O. glandulosum, our essential oil yields are comparable to those obtained with the same species by Belhattab et al. [23], while Bekhechi et al. [22] and Bendahou et al. [21] found yields higher than ours. These differences in the yields of essential oils are not surprising and may be related to different conditions and factors, namely the species, genotype, environment, harvest period, place of drying, and geographical origin of the plant [27,28].



Among the identified 23 components, analysis of O. glandulosum essential oil revealed that the main compounds were thymol (33.2%), γ-terpinene (25.4%), p-cymene (16.1%), and carvacrol (13.0%) (Table 1).



As for the chemical composition, the percentage of 1,8-cineole (6.1%) in the oil of L. dentata revealed a dissimilarity with those described in the literature. Dob et al. [46] reported that the main constituents of the oil were 1,8-cineole (38.4%), cis-verbenol (4.3%), p-cymen-8-ol (3.8%), and fenchone (2.3%). Ouedrhiri et al. [44] found that the two monoterpenes β-pinene (25.82%) and 1,8-cineole (10.82%) were the main essential oil compounds of L. dentata. Dammak et al. [45] showed that the main component was 1,8-cineole. Silva-Flores et al. [47] identified 16 components, with oxygenated monoterpenes (80.71%) as main constituents followed by monoterpene hydrocarbons (16.19%); within these chemical classes, the main constituents were 1,8-cineole (68.59%) and β-pinene (11.53%), respectively.



As for the chemical composition of O. glandulosum essential oil, the results of this work are comparable to some literature data on the same species [21,25,32], but different results have also been obtained by Belhattab et al. [23], who found that the major compounds in O. glandulosum were carvacrol (47.0%), γ-terpinene (13.4%), p-Cymene (11.2%), and thymol (6.6%). Nabet et al. [48] also found that the main compounds were γ-terpinene (29.4%) and carvacrol (12.9%). Nabti et al. [2] found that the 4 main components detected in plants from different Algeria regions were thymol (15.1–56.3%), carvacrol (2.8–59.6%), γ-terpinene (9.8–21.8%), and p-cymene (8.5–13.9%).



Considering the availability of O. glandolosum in Algeria and their richness in essential oil as well as the homogeneity and the stability of the chemical composition of its essential oil, this plant is likely to have an industrial interest and can also be recommended as a potential source of thymol [22].



The previously reported differences in the chemical composition, in particular in the quantity of the main components of the essential oils, may be due to variations in many factors such as climate, thermal range, duration of sunshine, collection period, type of soil, and the considered organs of the plant [2,18,27]. These chemical differences may also affect their biological activities [27,49]. Hence, the composition of the essential oils has been the subject of several studies, from which it can be concluded that the plants exhibit chemical variability.



Nikolić et al. [50] and Dammak et al. [45] reported that the biological activities of the essential oils depend on their chemical composition.



It is noteworthy that the tested essential oils show remarkable antibacterial activity against antibiotic-resistant bacterial strains.



As for O. glandulosum, which is the more active, our antibacterial results are in agreement with those reported by Bendahou et al. [21], who noted in their study that the O. glandulosum essential oils exhibited an antimicrobial activity against 10 Gram-negative bacteria. Simlarly Bekhechi et al. [22] noted that O. glandulosum essential oils were very active against the Gram-negative and Gram-positive strains tested (P. aeruginosa, K. pneumoniae, Enterobacter cloacae, Salmonella typhi, Proteus mirabilis, E. coli, Citrobacter freundii; Listeria monocytogenes, and Staphylococcus aureus) some of which also ATCC. Among these K. pneumoniae, both obtained from clinical isolates and the ATCC strain, was inhibited by the essential oil of oregano, while P. aeruginosa was resistant, as often happens for this bacterium. Nabti et al. [2] also reported that the essential oils from O. glandulosum showed good antibacterial activity against uropathogenic multiresistant strains of E. coli, while Bendahou, et al. [21] and Bekhechi et al. [22] reported that the essential oil of oregano was active precisely on K. pneumoniae as our data also showed. The antimicrobial activity of O. glandulosum essential oils was possibly related to its phenolic components, such as thymol, carvacrol, but also to their biosynthetic intermediates p-cymene and c-terpinene. It has been suggested that phenolic derivatives may cause membrane-disrupting activities [21]. In fact, Nabet et al. [48] reported that phenolic components and their precursors contained in essential oils are responsible for high antifungal activity.



Nabti et al. [2] found that carvacrol and thymol were the most active components and showed good antibacterial activity (MIC and MBC ranging from 0.25 to 0.5 mg/mL), p-cymene was less active, and γ-terpinene was totally inactive against all the strains tested. There are reports in the literature that oregano essential oils have the ability to sensitize the cell membrane phospholipid bilayer, causing increased permeability and leakage of vital intracellular constituents or alteration of the enzyme systems in Gram-positive and Gram-negative bacteria [48,51].



Hernández-González et al. [52] in their study attributed the antimicrobial capacity of oregano essential oil to thymol and carvacrol, capable of disintegrating the outer membrane of the microorganism, causing cell death.



The results on L. dentata antibacterial activity are according to literature data on lavender species [27,28,53]. Yang et al. [54] found remarkable antibacterial activity in the essential oils of Lavandula angustifolia against multidrug-resistant (MDR) K. pneumoniae strains and also highlight the probable mechanism of action. In contrast, Mohamed and Eddine [43] found that L. dentata essential oils had very low antibacterial activity against antibiotic-resistant strains of K. pneumoniae, which was however evaluated only by the disc diffusion method. Our data do not agree with this last statement as we have obtained interesting MIC values. The antibacterial activity of Moroccan L. dentata essential oils is quite different from the Algerian oils and different results have been found in other studies [28].



The above reported differences in the antibacterial activity could be related to the bacterial species tested and the previously discussed differences in the chemical composition of the oils.



As for the ways of action of the essential oils on the bacterial cells, the antimicrobial activity could result from the joint association of several mechanisms on different cellular targets, like plasma membrane, cell wall, or bacterial DNA [27,54]. The oil could cross cell membranes, get inside the cell, and interact with critical intracellular sites for antibacterial activity. It has already been reported that monoterpenes act on both Gram-positive and Gram-negative bacteria, damaging their biomembranes and, in particular, disrupting the lipid fraction of the plasma membrane, impairing membrane permeability and causing leakage of intracellular materials [55]. Furthermore, literature data suggest that an antibacterial agent’s ability to kill bacteria may be a function of the stable interaction complex between drug-related topoisomerase and cleaved DNA. On this basis, the effect of the antibacterial agent could also be the generation of double-stranded DNA breaks that are trapped by covalently bound topoisomerase. Consequently, the DNA replication machinery stops and that immediately leads to bacteriostasis and possibly to cell death [35]. Yang et al. [54] related the antibacterial effect of lavender against multidrug-resistant K. pneumoniae strains to different ways of action.



The TEM observations showed that essential oil treatments induced alterations in the typical appearance of the untreated cells. In fact, the essential oil-treated cells lost the typical rod shape and appear globular, suggesting a change to the cell wall, which maintains the correct shape of the cell. Literature data show damage to the bacterial cell wall under essential oil treatments. Rasooli et al. [56] observed severe effects of thyme essential oils on the Listeria cell wall, leading to a rupture of the wall which lost its smoothness and uniformity. Dutra et al. [51] showed disruption of the cell wall and deformation of the integrity of Alicyclobacillus spp. after treatment with Origanum vulgare essential oil.



The bulged appearance of treated cells are in agreement to Yang et al. [54], who found that multidrug-resistant K. pneumoniae upon exposure to lavender essential oil developed a corrugated envelope with irregularities, well evident under scanning electron microscopy (SEM). Yang et al. [54] also demonstrated disruption of bacterial membranes under essential oil treatments via oxidative stress. This is consistent with our observations of bulged surfaces under TEM. Our image showing protrusion of the outer membrane, which is damaged first, while the continuity of the cell wall and the inner membrane is still maintained, could represent a first step in the damage to the bacterial surface. In fact, lavender essential oil was found to modify the bacterial membrane permeability of MDR K. pneumoniae strains. Change in membrane permeability could easily lead to swelling phenomena, giving images of surface bulging like those we observed for the essential oil-treated samples, and when the disruption involves both membranes and the cell wall, leaking of cytoplasmic material occurs [54]. Loss of cell material is demonstrated by our findings of the increased release of 260 nm absorbent material from the bacterial cells after essential oil exposure. This also suggests that the essential oils caused significant and irreversible damage to the cytoplasmic membrane and disruption of permeability. This is also consistent with previous results showing similar data related to plant essential oils tested against bacterial strains [35,52,57,58]. Furthermore, the evaluation of the release of absorbent materials from the treated cells can suggest a way of action of essential oils against bacteria. In fact, an important characteristic of essential oils and their main components (carvacrol, terpenes, phenols, aldehydes, and ketones) is hydrophobicity, which allows them to accumulate in bacterial and fungal cell membranes, causing their disruption and consequent antibacterial activity [57,58,59]. It has already been reported that monoterpenes act on both Gram-positive and Gram-negative bacteria, damaging their biomembranes and, in particular, disrupting the lipid fraction of the plasma membrane, impairing membrane permeability and causing leakage of intracellular materials [55].



Damage to treated cells is also suggested by the appearance of the bacterial cytoplasm. In fact, the cytoplasm of the treated bacteria lost its typical grainy appearance and developed large moderately dense areas, which suggests cytoplasm degeneration. Furthermore, observations of the external curly filaments suggest development of an external capsule, which could be induced by the essential oil exposure. It was demonstrated in K. pneumoniae that the construction of a capsule is upregulated by antimicrobial peptides [60].



The safety of the tested substances has been evaluated by the cell viability test. It clearly showed that the essential oils tested did not have cytotoxicity activity against human lymphocytes under the used MTT test. Instead, O. glandulosum essential oils even activated the lymphocyte compared to the untreated ones.



In the case of cytotoxic compounds, this phenomenon can be interpreted as a rescue mechanism. At low subtoxic concentrations, cells escape detrimental stimuli by the induction of proliferation, while at higher concentrations, this defense mechanism is overridden by the cytotoxic effects [61].



The respiratory chain, other electron transport systems, and cell enzymes convert the MTT and other tetrazolium salts into formazan crystals. The quantity of these crystals can be determined by spectrophotometry and is used to estimate the number of mitochondria and, thus, the number of viable cells in the sample.



Our results are consistent with those in the literature, reporting no cytotoxicity on several cell lines treated with the essential oils of several plant species, such as Thymus zygis subsp. sylvestris [49], Aniba canelilla [62], and Salvia officinalis [63].



However, testing cytotoxicity is essential, especially in the case of substances with good profiles of biological activities. In fact, lemon myrtle oil has been shown to have significant antimicrobial activity against different organisms, but in vitro cytotoxicity tests indicated a very toxic effect against primary cell cultures of fibroblasts of human skin [49]. Sinha et al. [64] detected a reduction in viability of human lymphocytes treated with the essential oils of palmarosa, citronella, lemongrass, and vetiver, including loss of integrity of the plasma membrane associated with necrosis. Another study showed that lavender oil is cytotoxic in vitro on human skin cells (endothelial cells and fibroblasts) at a concentration of 0.25% (v/v) [65]. In addition, carvacrol is known to be toxic to mammalian cells at high concentrations; on the other hand, protective effects on DNA have been observed with carvacrol on mammalian cells cultured in vitro [49].



The excessive ROS production is deleterious for cells and tissues since they change the structure and function of biomolecules.



O. glandulosum and L. dentata extracts displayed inhibitory effects on leukocyte ROS production compared to untreated control cells. Thus, these extracts can act as anti-inflammatory agents as may be efficient in protecting the organism from excess ROS production via radical scavenging activity.



The test of ROS generation confirms the activation of the lymphocytes under the essential oil treatments. The activity on lymphocytes is very interesting because these cells play a crucial role in the immune system. Hence, the essential oils, in addition to fighting bacterial infections, could also be able to activate the immune system.



It should be noted that a reduction in (excessive) ROS production can indeed reduce tissue damage/inflammation on one side, but that this may be at the expense of the antibacterial efficacy of the cells via ROS, but the strong direct effect of essential oils could compensate for this reduction.



Concluding, the in vitro results of the essential oils showed interesting activities. O. glandulosum and L. dentata show remarkable antibacterial and bactericidal activity against antibiotic-resistant K. pneumoniae strains, with no cytotoxicity on human lymphocytes. Instead, they could even potentiate the immune response. Thus, taking into account the interesting yield of the extraction from the selected plants and the increasing occurrence of antibiotic-resistant bacteria strains, they are suggested as potential candidate for antibacterial drugs, even though further studies are required to assess the bioavailability, the in vivo activities, and safety to finally confirm their potential application to human health.
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Figure 1. Inhibition halo of the L. dentata and O. glandulosum on activity against specific ESBL K. pneumoniae strains, by disc diffusion method observed at the MIC values. 
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Figure 2. The figure shows TEM micrographs of untreated K. pneumoniae samples (a–c) and K. pneumoniae treated with O. glandulosum (d,e) and L. dentata (f) essential oil at the mean MIC value. (a) Three typical rod-shaped cells. Those lined up are still dividing. (b) A bacterial cell taken at higher magnification shows the grainy protoplast delimited by a smooth external cell wall. (c) Detail of a bacterial cell shows the grainy protoplast and the multi-layered surface, taken at higher magnification. (d) A O. glandulosum essential oil-treated bacterial cell with a globular-shape appearance. The protoplast, not grainy, is electron dense in large areas. The surface developed large bulges and an external hairy material. (e) Details of the altered cell taken at higher magnification. The arrow shows the continuity of the inner membrane and the cell wall. (f) Bacterial cells treated with L. dentata essential oil. The protoplast, with no grainy appearance, appears moderately dense in large areas. Scale bars: 500 nm (a,f); 300 nm (b,d); 200 nm (c,e). 
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Figure 3. Effect of essential oils of L. dentata and O. glandulosum on the cell viability of human lymphocytes (MTT test): viability (%) of human lymphocytes (1 × 106 cells/mL) incubated with medium alone (control), Origanum (2.6, 5.2, and 10.4 mg/mL) and Lavandula (20.3, 40.6, and 81.2 mg/mL) for 24 h. Statistical analysis was performed by one-way ANOVA followed by Tukey’s test (* p < 0.05; *** p < 0.001). 
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Figure 4. Effect of essential oil extracts (O. glandulosum 5.2 and 10.4 mg/mL and L. dentata 40.6 and 81.2 mg/mL) on ROS production in polymorphonuclear neutrophils (PMN). Data were presented as mean and standard error and were analyzed with a paired t-test. Bars not accompanied by the same letter were significantly different at p < 0.05. 
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Table 1. Chemical composition of the essential oils from O. glandulosum and L. dentata.
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	Constituents
	LRI
	O. glandulosum
	L. dentata





	α-thujene
	933
	0.9
	7.2



	α-pinene
	941
	0.6
	



	camphene
	955
	
	1.0



	thuja-2,4(10)-diene
	959
	
	0.4



	1-octen-3-ol
	981
	0.3
	



	β-pinene
	982
	0.2
	17.3



	3-octanone
	987
	0.2
	



	myrcene
	992
	1.4
	



	α-phellandrene
	1006
	0.2
	



	α-terpinene
	1020
	2.9
	



	p-cymene
	1028
	16.1
	1.1



	limonene
	1032
	0.5
	5.1



	1,8-cineole
	1034
	
	6.1



	γ-terpinene
	1063
	25.4
	



	cis-linalool oxide (furanoid)
	1076
	
	0.3



	terpinolene
	1090
	
	0.8



	linalool
	1101
	0.6
	6.8



	hotrienol
	1103
	
	0.2



	endo-fenchol
	1112
	
	0.2



	cis-p-menth-2-en-1-ol
	1123
	
	0.6



	α-campholenal
	1125
	
	1.2



	trans-pinocarveol
	1141
	
	8.7



	cis-verbenol
	1142
	
	0.4



	trans-verbenol
	1143
	
	2.2



	pinocarvone
	1164
	
	4.1



	Borneol
	1167
	0.1
	1.7



	p-mentha-1,5-dien-8-ol
	1168
	
	0.5



	4-terpineol
	1179
	0.6
	0.9



	cryptone
	1185
	
	3.6



	α-terpineol
	1191
	0.4
	1.0



	myrtenal
	1194
	
	10.2



	Verbenone
	1207
	
	0.3



	trans-carveol
	1220
	
	1.1



	methyl thymol
	1234
	0.1
	



	cuminaldehyde
	1241
	
	3.9



	carvone
	1244
	
	1.6



	methylcarvacrol
	1245
	0.2
	



	piperitone
	1254
	
	0.6



	phellandral
	1272
	
	0.8



	bornylacetate
	1287
	
	



	p-cymen-7-ol (syn. cumin alcohol)
	1290
	
	0.7



	thymol
	1291
	33.1
	



	p-mentha-1,8-dien-7-ol (syn. perilla alcohol)
	1297
	
	0.5



	carvacrol
	1299
	13.0
	



	(E)-3-hexenyl (E)-2-methylbut-2-enoate
	1325
	
	0.4



	β-caryophyllene
	1419
	1.5
	0.2



	β-selinene
	1487
	
	1.1



	β-bisabolene
	1508
	0.2
	



	trans-γ-cadinene
	1514
	
	0.2



	trans-calamenene
	1523
	
	0.5



	β-sesquiphellandrene
	1525
	1.2
	



	caryophyllene oxide
	1582
	0.2
	0.4



	β-eudesmol
	1650
	
	1.6



	α-bisabolol oxide B
	1654
	
	0.5



	cadalene
	1673
	
	0.4



	α-bisabolol
	1686
	
	0.2



	cis-14-nor-muurol-5-en-4-one
	1687
	
	1.5



	monoterpene hydrocarbons
	
	48.2
	32.9



	oxygenated monoterpenes
	
	48.1
	54.6



	sesquiterpene hydrocarbons
	
	2.9
	2.4



	oxygenated sesquiterpenes
	
	0.2
	4.2



	Diterpenes
	
	0.0
	0.0



	non-terpene derivatives
	
	0.5
	4.0



	Total identified
	
	99.9
	98.1







LRI: retention index on a HP-5 MS column.
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Table 2. The table shows the inhibition haloes, expressed as mm, and MIC and MBC values, expresses as mg/mL, obtained with O. glandulosum and L. dentata essential oils tested against ESBL K. pneumoniae strains.
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O. glandulosum

	
L. dentata




	
Inhibition Zone

	
MIC

	
MBC

	
Inhibition Zone

	
MIC

	
MBC






	
43.5 ± 6.7

	
5.2 ± 3.3

	
7.4 ± 5.1

	
9.3 ± 0.9

	
40.6 ± 25.5

	
48.1 ± 25.7
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Table 3. Effect of essential oils from L. dentata and O. glandulosum, tested at MIC values (40.6 mg/mL of L. dentata EO; 5.2 mg/mL of O. glandulosum EO) on the release of the 260 nm absorbent material from ESBL K. pneumoniae. Lower case letters denote significant difference at p < 0.05 between samples.
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Absorbance (260 nm)






	
Control

	
0.003 ± 0.001 a




	
O. glandulosum

	
1.466 ± 0.048 b




	
L. dentata

	
1.345 ± 0.048 c
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