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Abstract

:

Rosmarinus officinalis or Rosemary is a highly valued medicinal vegetal, owing to its notable antispasmodic, anti-inflammatory, and antibacterial properties. In the current work, we aimed to identify the chemical components of the essential oil (EO) of R. officinalis and evaluate its biological properties using an in vitro approach. High performance liquid chromatography time-of-flight mass spectrometry (HPLC-TOF-MS) was utilized to analyze of the hydro-methanolic extract (HME), while gas chromatography–mass spectrometry (GC/MS) was considered during the analysis of the EO’s chemical composition. The antioxidant abilities of HME and the EO were assessed using diverse tests (DPPH, ABTS, GOR, CUPRAC, and FRAP). The anti-enzymatic properties were tested by the inhibition of cholinesterases, α-glucosidase, and tyrosinase enzyme. The HPLC-TOF-MS displayed the existence of flavonoids like luteolin glucuronide I and II, and a few known hydroxycinnamic acids. The EO contained three major components, namely, eucalyptol (28.7%), camphor (16.7%), and borneol (13.5%). The HME had a high total polyphenol content, as determined by the Folin–Ciocalteau method (335.37 ± 9.33 µg of gallic acid eq·mg−1). Notably, the analysis of the bioactivities of the HME and EO revealed comparatively that they possessed higher radical scavenging capacity in the DPPH, ABTS, and galvinoxyl assays, while EO exhibited a higher capacity for enzyme inhibition. Overall, our findings suggest that both the EO and HME extract of Algerian’s R. officinalis holds great usefulness in the pharmaceutical and nutraceutical fields due to its elevated polyphenol content and potent bioactivities.
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1. Introduction


Herbal extracts were commonly utilized in traditional medication for centuries to remedy various dysfunctions or clinical health issues. The cost effectiveness and clinical success of these folk remedies have been well-established, and they generally have fewer side effects when compared to some synthetic drugs. Recently, the pharmaceutical industry has increased its use of phytochemical components derived from medicinal plants [1]. Plants’ secondary metabolites, such as steroids, alkaloids, phenolics, lignans, polysaccharides, and glycosides, have numerous beneficial biological properties [2]. These metabolites are known to act as antimicrobial, anti-inflammatory, anti-allergic, anticancer, antidiabetic, and antioxidant agents. They have also been utilized in the management of diabetes mellitus, a chronic condition that results from metabolic disorders in pancreatic beta cells, leading to hyperglycemia [3]. Additionally, secondary metabolites have shown promise in inhibiting the α-amylase and α-glucosidase involved in carbohydrate digestion, thereby reducing glucose levels and absorption, which affects brain cells and can help manage Alzheimer’s disease [4,5,6]. Prior studies investigated the discovery of natural substitute antioxidants derived from plants and their inhibitory potential on enzymes in relation with Alzheimer’s and/or diabetes [7]. The usefulness of medicinal vegetation as spices in culinary practices is also attributed to the properties of their secondary metabolites, which enhance the taste of meats, poultry, and olive oil [8].



Algeria is among the North African countries with the richest vegetation, where herbs are commonly used in folk medicine as part of the population’s culture. A recent ethnobotanical survey revealed that the most commonly used plants in Algeria belong to the Asteraceae, Lamiaceae, and Apiaceae families [9]. Rosemary, “Rosmarinus officinalis L.”, a Lamiaceae taxon, is a perennial Mediterranean herb widely distributed throughout Algeria, where it is known as “Iklil” [10]. This plant is used as a spice in culinary practice and for remedial treatments, such as for digestion and as a carminative for the treatment of colds, and respiratory, gastrointestinal, and liver inflammation. Additionally, it is utilized as an antitumor, antioxidant, anti-inflammatory, and antimicrobial agent [11]. Phenolic extracts are employed as a natural remedy for numerous common diseases [12]. Rosmarinic acid, considered the main rosemary phenolic compound, has many biological properties, including antibacterial, antiviral, antioxidant, and antimutagenic properties [13]. Recently, it was documented that this chemical may be an efficient factor to treat Alzheimer’s disease [14]. Results obtained from previous studies on other constituents of this plant, such as carnosic acid and its derivative carnosol, suggest that such components is linked with anti-tumoral and anti-inflammatory properties [15]. Tyrosinase is a metalloprotein in charge of catalyzing the phase of rate-limiting of melanogenesis. When absent or when its functional gene is mutated, pigmentation is reduced or even eliminated. The latter is associated with oculocutaneous albinism (OCA type I) [16]. In the food products sector, tyrosinase is also recognized as the enzyme involved in fruit browning, which occur after the oxidation of phenolic components to quinone [17].



It is hypothesized that the antioxidant activity of Algerian Rosemary HME and EO is related to their main components and these extracts possess further beneficial properties for human health [18]. The present work explored the chemical composition of HME and EO of R. officinalis grown in Algeria in order to determine its antioxidant and enzymatic-inhibitory properties.




2. Materials and Methods


2.1. Chemicals


The chemicals used in this work were all analytical grade and the water was Milli-Q (Millipore, Bedford, MA, USA). For LC-MS/MS analysis, formic acid, water, and methanol were Optima™ LC/MS grade (Fisher Scientific, Fair Lawn, NJ, USA). Gradient HPLC grade acetonitrile (MeCN) was obtained from Scharlab (Barcelona, Spain), sodium bicarbonate, Folin–Ciocalteau, triethanolamine (TEA), sodium dodecyl sulfate (SDS), vanillin-tannic acid, acetic acid, urethane AHA, perchloric acid, 2,2-diphenyl-1-picrylhydrazine (DPPH), potassium persulfate, 2,2′-azido-bis-(3-ethylbenzothiazoline-6-diammoniumsulfonic acid (ABTS), disodium hydrogen phosphate, trifluoroacetic acid (TFA), 99%), hydrogen peroxide, ferric chloride, sodium dihydrogen phosphate dihydrate, ferric chloride, trichloroacetic acid (TCA), potassium ferrocyanide (III), ascorbic acid (vitamin C), butylated hydroxyanisole (BHA), and butylated hydroxytoluene (BHT) were purchased from Sigma-Aldrich (St. Louis, MO, USA).




2.2. Vegetable Material


The aerial portion of R. officinalis was collected in the flowering period (December 2020) from Oum El Bouaghi, Algeria (35°52′31.48″ N, 7°06′48.71″ E; annual rainfall = 25.73 mm; altitude = 902 mm). Botanical determination was confirmed based on available literature and a voucher specimen was submitted to the Herbarium at Constantine University, Algeria (CUTR2020/20). The sampled plant material was first dried for 4 days in the shade in order to maintain intact their bioactive molecules as much as is feasible.




2.3. Hydro-Methanolic Extraction (HME)


The HME was started as reported Mammeri et al. [19], but after minor changes. The powered material (50 g) was macerated with 500 mL of 80% methanol for 1 h at room temperature. The mixture obtained was thereafter filtrated using a 0.45 mm Millipore filter and dried at 40 °C under decreased pressure to acquire a crude extract. The hydromethanolic extract was then preserved in amber tint glass bottles (+4 °C) until ulterior use.




2.4. Essential Oil Extraction (EO)


The hydrodistillation method was carried out using a Clevenger-type apparatus [20], where 50 g of powdered sample was added to 1000 mL flasks filled with 500 mL of distilled water. Next to 3 h of extraction, the EO was recovered in a sealed glass vial and enclosed in aluminum foil to avoid light.




2.5. HPLC-MS-TOF Examination


An Agilent 1200 Liquid Chromatography system (Agilent Technologies, Palo Alto, CA, USA) fitted with a typical autosampler was used to carry out the phenolic characterization. Agilent extended the C18 (1.8 μm, 2.1 × 50 mm) HPLC column. Gradient elution was necessary during separation (40 °C) and a flow rate equal to 0.4 mL·min−1 was applied. Water and 0.1% formic acid (A) and acetonitrile composed the mobile phases (B).



A multistep linear gradient was considered according to the values: 0 min, 5% B; 10 min, 25% B; 14 min, 50% B; 20 min, 80% B; and 22 min, 90% B. The starting conditions were detained for 5 min. The HPLC system’s injection capacity was 5 L. The Agilent 6320 TOF mass spectrometer (Agilent Technologies, Palo Alto, CA, USA), which employed a dual ESI interface and functioned in negative ion mode with a capillary voltage of 3.5 kV, was connected to the HPLC system. The optimum values for the ESI-TOF-MS conditions were set as follows: nebulizing gas pressure 40 psig, drying gas flow 12 L·min−1, and drying gas temperature 300 °C. The detection procedure was started between the mass ranges of 50 and 1700 m·z−1. The precise mass data of the molecular ions have been analyzed using the Mass Hunter software (Agilent Technologies, Palo Alto, CA, USA) according to Nicolì et al. [21].



In this study, gas chromatography–mass spectrometry (GC-MS) was necessary to characterize the essential oil (EO) structure. An Agilent 7890B with a mass-selective detector Agilent5977A was used, along with a bonded silica capillary column Agilent HP-5MS (30 m × 0.25 mm, 0.25 µm film width). Helium was considered as a carrier (flow rate = 2.5 mL·min-1) (Agilent Technologies, Palo Alto, CA, USA). The recognition of EO compounds was conducted by comparing the obtained retention index (RI) and those of reference materials, and mass spectrum data were compared with MS libraries (NIST 14) to confirm the identification. Additionally, gas chromatography with flame ionization detection (GC-FID) was conducted using a PerkinElmer GC-FID system associated to a DB-5 column (30 m × 0.53 mm, film width 1.5 µm) by J&W, USA to assess the EO compounds.




2.6. Antioxidant Activity


Antioxidant activity was determined in R. officinalis extracts and EO by means of five different methods [22]: (1) free radical DPPH scavenging, (2) CUPRAC assay, (3) ABTS assay, (4) GOR radical scavenging test, and reducing power (5). The findings were given as IC50 (mg·mL−1) for ABTS and DPPH, A0.50 (μg·mL−1) for the CUPRAC, and FRAP EC50 (μg·mL−1) for the galvinoxyl scavenging assay.



2.6.1. Total Polyphenol Determination


The content of polyphenols was determined using the Folin–Ciocalteau reagent following the microplate assay method reported in Singleton et al. [23]; a total volume of 100 µL of diluted FCR and 20 µL of plant extract (1 mg·mL−1) was placed in the 96-well microplate (1:10), then 75 µL of 7.5% sodium carbonate was added. The mixture was then preserved at room temperature (darkness, 2 h). The absorbance was determined with the aid of a PerkinElmer microplate reader at 765 nm (USA). The linear regression was used to set the calibration curve for gallic acid (y = 0.0034x + 0.1044; R2 = 0.9972); the result was expressed as µg of gallic acid equivalents per milligram of extract (µg GAE·mg−1 E).




2.6.2. DPPH Scavenging Effect


The DPPH free radical scavenging assay was carried out based on the modified protocol outlined by Blois [22]. To prepare the samples, 40 µL of extract (0.4 mM in methanol) was mixed with 160 µL of DPPH solution, and the resulting mixture was put at room temperature (darkness, 30 min). The absorbance was then measured at 517 nm to determine the inhibition capacity of the DPPH radical, with BHT and α-tocopherol considered as reference substances to construct the standard curves. The inhibition capacity was evaluated with the aid of the equation (Ac − At/Ac) × 100, where Ac represents the absorbance of the control reaction and At represents the absorbance of the testing sample. The results were reported as IC50 values, which indicate the concentration of the extracts necessary to achieve a 50% reduction in the absorbance (at 517 nm) in comparison to the control. The standard curves for BHA, BHT, and α-tocopherol were given as follows: for BHA, R2 = 0.9981, y = 0.7964x + 75.576; for BHT, R2 = 0.9963, y = 0.2437x + 48.561; and for α-tocopherol, R2 = 0.9856, y = 0.4943x + 36.342.




2.6.3. ABTS Scavenging Assay


The ABTS radical scavenging activity was carried out as provided by reference [24], with minor changes. Firstly, the ABTS solution has been mixed with potassium persulfate and left for 24 h to obtain ABTS radicals. The mixture was diluted and measured at 734 nm. The samples were left with ABTS buffer for seven minutes and the absorbance was then determined. To calculate the percent inhibition, the formula (Ac − At/Ac) × 100 was used, with Ac being the control absorbance and At being the sample absorbance. BHA, BHT, gallic acid, and quercetin served as the reference standards. The IC50 values were accessed by creating a graph of inhibition versus sample concentration. A linear standard curve between 25 and 600 mM BHA served to obtain the results in millimoles of BHA equivalent (TE) per gram of wet weight. If the ABTS value was higher than the linear reference range, the sample needed to be further diluted [24].




2.6.4. Galvinoxyl Scavenging Assay (GOR)


The antiradical potential of the extracts in contradiction to galvinoxyl radical was evaluated using a modified method described by Shi [25]. Briefly, several concentrations of extract (40 µL) were mixed with galvinoxyl radical solution (160 µL, 10 M) before their incubation at room temperature (2 h). The concentration decline of galvinoxyl radical was evaluated after the measurement of the absorbance at 432 nm using a spectrophotometer. The antiradical activity (EC50) of the extracts was expressed as the concentration of the analyzed extract resulting in a half reduction in the absorbance at 432 nm in comparison to the reference sample. The proportion of galvinoxyl radical scavenging was computed with the aid of the formula galvinoxyl radical-scavenging (%) = [(A of control − A of the sample)/A of control) 100]. Gallic acid and BHA were considered as reference standards. The percentage of H2O2 inhibition was estimated using the formula (Ac − At/Ac) × 100, where At is the absorbance of the sample tested and Ac is the absorbance of the control. The IC50 (the sample concentration that reduces the half of H2O2) was evaluated by plotting the obtained inhibitions versus sample concentrations. BHA and BHT were utilized to construct the standard curves (for BHA: R2 = 0.9962, y = 0.8429x + 24.1133; for BHT: R2 = 0.9983, y = 0.2594x + 34.1414).




2.6.5. Cupric Ion Reducing Antioxidant Capacity (CUPRAC)


The antiradical activity in opposition to the galvinoxyl radical was measured of the extracts using a modified protocol proposed by Shi [25]. The extracts (40 µL) at various concentrations were mixed with galvinoxyl radical solution (160 µL, 10 M) and incubated at room temperature for 2 h. The decline in galvinoxyl radical amount was determined by spectrophotometry (432 nm). The antiradical activity (EC50) was given as the concentration of the extract that resulted in a half decline in the absorbance at 432 nm in comparison to the reference sample. The proportion of galvinoxyl radical scavenging was determined based on the equation galvinoxyl radical-scavenging (%) = [(A of control − A of the sample)/A of control) 100]. Gallic acid and BHA were considered as standards. The percentage of H2O2 inhibition was evaluated using the formula (Ac − At/Ac) × 100, where At is the absorbance of the sample tested and Ac is the absorbance of the control. The IC50 (the sample concentration that reduces the half of H2O2 present) was measured after plotting the obtained inhibitions against sample concentrations. The standard curves for BHA and BHT were constructed (for BHA: R2 = 0.9962, y = 0.8429x + 24.1133; for BHT: R2 = 0.9983, y = 0.2594x + 34.1414) [25].




2.6.6. Reducing Power Assay (FRAP)


The reducing power assay was performed following the protocol of Oyaizu [25] with minor modifications [26]. The assay involves a combination of several reactions that generate colorful complexes when antioxidants react with potassium ferricyanide, trichloro ferric chloride, and acetic acid. The absorbance of the obtained complexes is determined at 700 nm, and an enhancement in absorbance shows an increase in the reducing potential of the sample. Briefly, 10 µL of the extract was mixed with 50 µL of potassium ferricyanide (1%) and 50 µL of phosphate buffer, and the resulting solution was incubated at 5 °C for 20 min. Then, 50 µL of trichloroacetic acid (10%), 40 µL of distilled water, and 10 µL of ferric chloride were added. The absorbance of the sample was determined at 700 nm, and the results were expressed as ascorbic acid equivalents/mg extract. Quercetin, gallic acid, BHT, and BHA were used as reference standards. The ascorbic acid equivalents were evaluated with the aid of a calibration curve of ascorbic acid (ascorbic acid: y = 0.0078x − 0.0039, R2 = 0.9986; tannic acid: y = 0.0072x + 0.0291, R2 = 0.9812 and α-tocophérol: y = 0.0193x − 0.0057, R2 = 0.9994).





2.7. Anti-Cholinesterase Activity


The anti-cholinesterase activity inhibitions were evaluated using the spectrophotometric method reported in [27], with a few modifications, as described in [28]. Acetylthiocholine iodide and butyrylthiocholine chloride were considered substrates, associated with electric eel and horse serum AChE and BChE, respectively. Cholinesterase activity was evaluated on the basis of DTNB [5,5-dithio-bis (2-nitrobenzoic acid)]. Test substances and controls were dissolved using ethanol as a solvent [29]. The reading was performed using a microplate and the following reagents: Na2HPO4, 2H2O NaH2PO4, 2H2O NaHCO3, NaOH DTNB ACİ (acetylthiocholine iodide) BuCİ (S-butyrylthiocholine iodide) AChE, BChE, Galantamin, distilled water and ethanol as solvents.



For enzymes, an AChE solution was prepared by combining 0.2 mg of AChE with 4 mL of a pH 8 buffer, resulting in solution A. In a single eppendorf containing 20 µL of solution A, 3 mL of PH = 8+ was added and the absorbance at 412 nm was to be determined. This value should be in the range of 0.4–0.5. BChE solution: 0.2 mg AChE and 1 mL (pH = 8) were mixed to prepare solution A. A total of 20 µL of solution A was transferred into 20 tubes. Each sample (tube) filled with 20 µL of solution A and 2 mL of pH = 8 was checked in a spectrophotometer at 412 nm, where the absorbance value should fall in the range of 0.4−0.5.



The protocol steps are as follows: A total of 150 µL of sodium phosphate buffer (100 mM, pH 8.0) was mixed with 10 µL of extract solution melt in ethanol at several concentrations and 20 µL of AChE (5.32 × 10−3 U) or BChE (6.85 × 10−3 U) solution. This combination was incubated at 25 °C (15 min), then 10 µL of DTNB (0.5 mM) and 10 µL of acetylthiocholine iodide (0.71 mM) or 10 µL of butyrylthiocholinechloride (0.2 mM) was added and the absorbance was measured at 412 nm after 0 min, 5 min, 10 min, and 15 min. The percentage of inhibition for BChE and the AChE was evaluated against the blank (i.e., ethanol with phosphate buffer, pH 8) and calculated according to the formula (E − S)/E × 100, where E is the activity of the enzyme without extract and S is the enzyme activity with the extract. The concentration needed to reach the inhibition of BChE by 50%, or the IC50 was estimated graphically, with galantamine used as a positive control. The hydrolysis of the above substrates was measured spectrophotometrically upon the yellow appearance.




2.8. α-Glucosidase Inhibitory Activity


The α-glucosidase inhibitory capacity of the extract was evaluated following the method described by Asghari [30]. The extract solution was incubated with Na3PO4 buffer (0.2 M, pH 6.9) at 37 °C (10 min), followed by the addition of p-nitrophenyl-D-glucopyranoside (5 mM) and another incubation at 37 °C for 10 min. The reaction was stopped by adding iodine–potassium iodide solution and 1 M HCl. The percentage of inhibition of α-amylase was calculated by measuring the absorbance at 630 nm and using the formula [(A of control − A of the sample)/A of control]/100. Acarbose was used as a positive control and the IC50 value was calculated graphically [30].


[(A of control − A of sample)/A of control]/100 equals α-amylase inhibition%.











Acarbose was considered as a positive control and the IC50 concentration that could inhibit α-amylase by 50% was graphically evaluated.




2.9. Tyrosinase Inhibition


The tyrosinase inhibitory impact of the plant extract was evaluated as reported by Deveci [31]. In brief, the reaction mixture containing tyrosinase (2500 U·mL−1), phosphate buffer (0.05 M, pH 6.5), plant extract solution (50 µL), and L-DOPA (25 µL, 5 mM) was incubated, and the absorbance was determined at 475 nm to assess dopachrome development. The measurements were started in three replicates, and the concentration–response curves were necessary to deduce the inhibition percentage of tyrosinase activity and the IC50 value. Kojic acid was considered as a positive control in the assay [31].




2.10. Evaluation of Limit of Detection, and Limit of Quantification


LOD (limit of detection) and LOQ (limit of quantification) are considered important parameters in analytical chemistry which indicate the lowest detectable concentration of an analyte that can be quantified by a given method, respectively.



To calculate LOD and LOQ, the following equations are used:


LOD = 3.3 × σ/S










LOQ = 10 × σ/S








where σ is the standard deviation of the response and S is the slope of the calibration curve.




2.11. Statistical Analysis


All the parameters considered in triplicate in the current study were given as the mean ± SD. The IC50 (50% inhibition concentration) and A0.5 (the concentration indicating 0.50 absorbance) were estimated with the aid of the linear regressions from the two curves plotted % inhibition = f (concentrations) for IC50 and Absorbance = f (concentrations) for the A0.50. The numerical series obtained were subjected to the analysis of variance (abbreviated 1-ANOVA), followed by multiple comparisons with the aid of Tukey’s honestly significant difference (HSD) test. These parametric analyses were carried out using the STATISTICA v8.0 software [32].





3. Results


3.1. HPLC-MS-TOF Analysis


The LC-MS/MS assay was employed to identify the bioactive compounds in R. officinalis HME extracts obtained from the areal part of the plant. The identified components are shown in Figure 1.



The HPLC-TOF-MS analysis determined several peaks corresponding to 24 compounds which were identified considering their retention time (Rt) and mass-to-charge ratio (m/z) (Figure 1). The chemical compounds that were relatively more abundant are displayed in Table 1.



The current study identified several flavonoids and hydroxycinnamic acids in the sample under investigation. The flavonoids detected included feruloylnepitrin (m/z 623.14), pterogynoside (m/z 597.12), luteolin rutinoside (m/z 593.15), phloretin 2-xyloglucoside (m/z 567.19), luteolin 3 (acetil) glucuronide I (m/z 503.08), luteolin 3 (acetil) glucuronide II (m/z 503.08), and quercetin galactoside (m/z 463.08). Additionally, the hydroxycinnamic acids detected included caffeic acid (m/z 489.16), caffeic acid diglucoside (m/z 489.16), and coumaric acid apinosyl glucoside (m/z 457.13).



Rosemary or R. officinalis is a ubiquitous herbal tea that is widely consumed owing to its abundant phenolic compounds that have been associated with various health benefits. In this study, several flavonoids were identified, including feruloylnepitrin, pterogynoside, luteolin rutinoside, phloretin 2-xyloglucoside, luteolin 3 (acetil) glucuronide I and II, and quercetin galactoside, which were found to be abundant. Additionally, hydroxycinnamic acids such as caffeic acid, caffeic acid diglucoside, and coumaric acid apinosyl glucoside were also identified. These findings corroborate the results of a study by Achour et al. [33,34] on Tunisian rosemary tea, which reported high concentrations of the same components. Luteolin-7-glucoside and its derivatives (luteolin 3′-acetyl-O-glucuronide, luteolin-7-O-glucuronide, and Isorhamnetin-3-O-glucoside) were also found in high abundance in an Ortuño J. study [35]. Furthermore, rosmarinic acid and related compounds (rosmarinic acid-3-O-glucoside, rosmarinic acid-3-O-glucoside isomer, sagerinic acid) and carnosic acid were detected in high concentrations. Recently, Al-Khafaji and Al-Azawi [35] reported the identification of four important phenolic compounds (gallic acid, rosmarinic acid, ferulic acid, and caffeic acid) in rosemary extracts. These findings provide evidence of the abundance and diversity of phenolic compounds in rosemary, which may contribute to its health-promoting properties. Based on previous studies, it has been suggested that rosmarinic acid and carnosol are two of the most abundant phenolic compounds in extracts of R. officinalis, regardless of the part of the plant used for extraction or the country in which it was grown. Teruel et al. [35] observed high levels of these two compounds in extracts obtained from rosemary grown in Spain using different extraction methods. In contrast, R. eriocalyx extracts from Algeria were found to contain high amounts of carnosol, quercetin galactoside, and rosmarinic acid [31]. These differences in chemical composition could be due to several factors, including the plant parts used for extraction, genotype, harvesting time, and experimental conditions such as the solvent, time of extraction, temperature, and technical procedures [36]. Nevertheless, the high levels of carnosol and rosmarinic acid in rosemary extracts suggest their potential use as natural preservatives for raw and processed meat [30,32,37].




3.2. CG-MS Analysis


The chemical composition of R. officinalis EO has been the focus of numerous studies, which have investigated samples collected from various locations and at different phenological stages, both in Algeria and around the world [38,39]. In this study, we examined the chemical composition of EO extracted from R. officinalis grown in Algeria. Table 2 summarizes the results of our analysis.



In this analysis, twenty-one chemical compounds were identified in rosemary EO, with the main oxygenated monoterpene constituents being eucalyptol (28.7%), camphor (16.7%), and borneol (13.5%), while 3-carene (9.2%), ψ-Limonene (7.1%) and bornyl acetate (5.8%) were present in lower concentrations (Table 2, Figure 2). The composition of the R. officinalis samples collected in Northeast Algeria [16,40] was found to be similar to the present study, with eucalyptol (37.97% and 37.51%, respectively) and camphor (11.84% and 11.70%, respectively) being the major EO constituents. Another recent study on Tunisian R. officinalis EOs also found eucalyptol (37.56%) and camphor (7.10%) as the principal components [41]. Similarly, Rekioua [38] reported eucalyptol (37.51%) and camphor (11.70%) as the major chemical components in Algerian R. officinalis samples. Other studies have reported different levels of major components, with eucalyptol (25.5%), isobornyl acetate (15.7%), and camphor (12.2%) being the main components of EO obtained from R. officinalis grown in the United Arab Emirates [42], while two different EOs obtained from R. officinalis grown in Palestine contain three main components, namely eucalyptol (4.81–37.83%), α-pinene (13.07–51.36%), and camphor (11.95–24.30%) [43]. In contrast, there are only two major chemical components in EOs of R. officinalis from Brazil: α-pinene (26.26%) and bornyl acetate (17.83%) [44]. The differences in chemical composition could be attributed to different ecotypes of the species, whether plants grow wild or cultivated, as well as environmental and ecological conditions, including climate, soil type, and agricultural practices. Sample processing techniques, drying, oil extraction method, and sampling period could also affect the oil’s yield and chemical composition [45].




3.3. Antioxidant Activity


3.3.1. Total Polyphenol Content


Our study found a high level of total polyphenols in R. officinalis extract, with a content of 335.37 ± 9.33 μg gallic acid equivalent (GAE) per mg of extract. This result is consistent with previous studies by Boumadjen and Kimouche [45] and Kamli et al. [46], which reported high levels of polyphenols in R. officinalis extracts. However, our study detected a higher number of polyphenols than those reported by Dhouibi et al. [47] and Kabubii et al. [48] for Tunisian and Kenyan samples, respectively.



Among the bioactive compounds identified in R. officinalis leaves, rosmarinic acid, and carnosol were the main constituents, both of which are known for their antioxidant potential. These findings are significant, as oxidative stress is a key contributor to cognitive decline disorders, and the use of these phenolic compounds as therapeutic agents for the prevention and treatment of such diseases has been suggested [46].



The high content of phenolic components in R. officinalis extract is important for obtaining R. officinalis EO with high antioxidant activity. Additionally, the correlation between phenolic content and antioxidant activity suggests that the best time for harvesting the plant to obtain the highest number of phytochemicals is during the dry season or in specific agroecological zones [47,48,49].



To provide a clear visual representation of our findings, Table 3 summarizes the total polyphenol content and main bioactive constituents identified in rosemary samples from various studies.




3.3.2. Comparative Evaluation of In-Vitro Antioxidant Activity Using DPPH, ABTS, FRAP


Galvinoxyl scavenging assay and CUPRAC assays.



The antioxidant capacity of R. officinalis EO’s, was evaluated using multiple assays, including DPPH radical scavenging, ABTS reducing power, FRAP-reducing power, galvinoxyl scavenging, and cupric ion reducing antioxidant capacity (CUPRAC) assays. A summary of the results is presented in Table 3.



HME: hydro-methanolic extract; EO: essential oil; AChE: Acetylcholinesterase; BChE: Butyrylcholinesterase; IC50: The concentration giving a reduction of 50%; na: not active; BHA: butylated hydroxyanisole; BHT: butylated hydroxytoluene.



From the data presented in Table 4, it can be observed that R. officinalis HME showed a high level of antioxidant activity (IC50), while EO showed a low level of antioxidant activity in the ABTS test (IC50: 667.09) and had no activity in the other test. In particular, HME showed significant clearance activity when assessed by DPPH, ABTS and GOR assays with IC50 values ranging from 36 to 40 μg·mL−1. In addition, BHT and BHA tests showed that HME had relatively higher scavenging activity compared with DPPH and ABTS, with IC50 values of 6.82 and 1.59 μg·mL−1, respectively (Table 3). Furthermore, R. officinalis HME showed higher antioxidant capacity, as measured by the CUPRAC assay, in contrast to EO, which showed no activity. Polyphenols, including the rosmarinic acid present in Rosmarinus officinalis extracts, have the ability to scavenge free radicals. They can donate hydrogen atoms or electrons to unstable radicals, neutralizing them and preventing them from causing oxidative damage to cells. The polyphenols act as potent antioxidants by intercepting and quenching free radicals. These outcomes may be attributed to the nature of the components, their synergism, and their mechanism’s activity. However, it should be noted that the results obtained were still lower than those achieved with the BHA (9.62 µg·mL−1) and BHT (3.64 µg·mL−1) standards.



In Table 4, the HME of R. officinalis exhibited a reducing power from ferric to ferrous iron. However, the reducing power was lower when compared to the reference compounds of ascorbic acid, tannic acid, and α-tocopherol. The IC50 values of the samples were lower than the standards BHA, BHT, α-tocopherol, ascorbic acid, and tannic acid for all tests conducted. The extract showed a significant percentage of inhibition, indicating that polyphenols, including rosmarinic acid, have the ability to chelate metal ions such as iron (Fe) through their hydroxyl groups. The hydroxyl groups in polyphenols act as ligands, forming coordination bonds with the metal ions. This process leads to the formation of stable complexes between the polyphenols and the metal ions. The hydroxyl groups in them can donate electrons to the metal ions, forming coordinate covalent bonds. This chelation prevents the metal ions from participating in oxidative reactions, where these metal ions can generate reactive oxygen species (ROS) such as hydroxyl radicals (OH•). By chelating the metal ions, polyphenols effectively sequester them and reduce their ability to catalyze the production of ROS. This chelation activity helps prevent oxidative damage caused by the metal ions and contributes to the antioxidant properties of polyphenols. [50,51].



Regarding R. officinalis EO activity, the results of the study showed that the rosemary EO had lower ABTS inhibition activity compared to BHA and BHT at all tested concentrations. The A0.50 values, which represent the concentration required to inhibit 50% of the ABTS radicals, were much higher for EO compared to BHA and BHT. The findings of this study were lower than those reported by Fadili et al. [50], who found an IC50 of 0.05 mg·mL−1 for the methanolic extract of R. officinalis.



A clear relationship between the polyphenols’ concentration and antioxidant activity, confirming that rosmarinic acid’s polyphenols are potent antioxidants able to inhibit the production of free radicals and prevent the oxidation of macromolecules [52]. The antioxidant activity of the HME is depending on the type and structure of the antioxidants present, as well as the quantity of polyphenols.



The reducing capacity test, according to Huang et al. [50], is an electron transfer-based assay that measures the reductants (antioxidants) preexisting in a sample with the aid of a spectrophotometric redox reaction [51]. Based on previous studies, it can be inferred that the primary chemicals responsible for the extract’s reducing potential are polyphenols (Table 3) [52]. These compounds are well-qualified as outstanding electron donors, which enables them to neutralize free radicals and behave as chain-breaking antioxidants. Furthermore, they can interact with peroxide precursors and thus inhibit peroxide production.



According to Bendary et al. [53], polyphenols are frequently acknowledged to be exceptional electron donors, which enables them to neutralize free radicals and act as chain-breaking antioxidants. In addition, these compounds may also interact with precursors of peroxide and cause the inhibition of its production. The reducing ability of our samples is caused by the reductants’ presence, which serves as electron donors [54]. Because of their capacity to transfer electrons, they may also restore diverse oxidized antioxidants such as vitamin E [55]. The choice of solvent is crucial for the extraction of phenols and contributes to their effectiveness as antioxidants. A recent study conducted on R. tournefortii de Noé from Algeria by Bensouici et al. [56] revealed that butanol extracts exhibited the highest antioxidant activity in tests such as DPPH, ABTS, O2−DMSO alkaline, reducing power, β-Carotene-linoleic acid, and CUPRAC assays. The same authors noted that the essential oil was only effective in chelating ferrous ions in the β-Carotene linoleic acid assay and did not show any scavenging activity. The ferric-reducing capacity of compounds is measured by their ability to donate a hydrogen atom to the ferric complex and break the radical chain reaction, thereby preventing oxidative damage by directly scavenging free radicals. On the other hand, the ferrous ion chelating capacity of the compounds measures their ability to chelate metal ions, thus indirectly preventing the generation of hydroxyl radicals via the Fenton reaction. It is noteworthy that essential oils with a strong ferrous ion chelating (FIC) capacity usually exhibit moderate or low primary antioxidant activity [57]. It is well documented that the potent antioxidant activity of rosemary extract is mostly attributed to its content of rosmarinic acid, carnosol, and carnosic acid [58]. In addition, rosmadial, rosmanol, rosmarinic acid, carnosol, and carnosic acid were detected as major antioxidant components of rosemary extract. However, carnosic acid, which is recognized as the most effective antioxidant constituent, is known to be unstable in the presence of oxygen, leading to the formation of new compounds through the decomposition of carnosic acid, primarily carnosol, and rosmanol [36]. On the other hand, the radical scavenging ability of R. officinalis extracts has been reported to be related to their chemical constituents. Phenolics and flavonoids, particularly chlorogenic acid and luteolin derivatives, have been shown to be efficient scavengers. With respect to chelation activity, which involves the creation of a complex with hetero-atoms, chlorogenic acid has exhibited a high chelating effect [59].





3.4. Anticholinesterase Enzyme’s Inhibitory Activity


The anticholinesterase activity of R. officinalis EO and HME was evaluated using a combination of two complementary methods: acetylcholinesterase (AChE) and butyrylcholinesterase (BChE) assays (Table 5). The assay of AChE inhibitory activity demonstrated that R. officinalis EO exhibited efficient inhibition (70.31 µg mL−1); however, its inhibitory activity was lower than the galantamine standard (6.27 µg mL−1). Conversely, R. officinalis HME did not exhibit inhibitory activity on AChE, even at different increasing concentrations. The results for BChE inhibitory activity revealed that neither EO nor HME was capable of inhibiting BChE.



The results are consistent with those of Bensouici et al. [56] who reported that R. officinalis essential oil is a potentially potent inhibitor of AChE, while chloroform and butanolic extracts are less effective AChE inhibitors. Additionally, these authors observed that R. officinalis EO also inhibits BChE, which was not observed in the current study.



3.4.1. α-Glucosidase Inhibition Activity


In the α-glucosidase inhibitory test, which evaluates the activity of the enzyme responsible for the breakdown of glucose, both HME and EO showed no inhibitory activity (Table 4).



In contrast to our study, another investigation presented that the diethyl ether fraction of R officinalis exhibited potent α-glucosidase inhibition, which was higher than that of the acarbose standard. The same study reported that the level of inhibitory activity for α-glucosidase was dose-dependent [60]. These results are consistent with those obtained from the inhibitory activity assay of the chloroform extract of R. tournefortii [56].



In the context of diabetes, α-glucosidase is a crucial enzyme that catalyzes the breakdown of maltose or sucrose, leading to abnormal blood glucose levels. Therefore, inhibitors of α-glucosidase could potentially reduce abnormally high plasma glucose levels following carbohydrate consumption [60].



It has been noted that chlorogenic acid exhibited a combined inhibitory activity on porcine pancreatic α-amylase, which could be due to the high level of apigenin and its derivatives, which have a great inhibitory ability on digestive enzymes [61].



Regarding R. officinalis EO, the oxygenated monoterpenes, namely, eucalyptol and α-terpineol, demonstrated a synergistic effect on α-glucosidase inhibitory activity. The presence of other compounds such as camphor, borneol, linalool, and linalyl acetate conferred great potential in combination. However, they exhibited weak inhibitory activity when evaluated separately [62].



On the other hand, in vivo analysis demonstrated that the butanolic and diethyl ether fractions of R. officinalis decreased the α-glucosidase activity in the mice intestines. The antihyperglycemic effect exhibited by the butanolic fraction could be attributed to the presence of flavonoids, which have been previously reported to possess anti-diabetic properties. Therefore, the flavonoid-rich fractions of R. officinalis exert an α-glucosidase inhibition and antihyperglycemic effect by inhibiting glucose transport, resulting in a decrease in blood glucose levels [60].




3.4.2. Tyrosinase Inhibition Activity


The anti-tyrosinase activity of R. officinalis EO and HME was found to be weak in the photo-protective assay, as the tested concentrations were not able to inhibit 50% of the enzymatic activity (Table 5). Although there are few studies on the tyrosinase inhibitory activity of rosemary, recent research has emphasized the significance of its bioactive compounds in promoting treatment against UV light exposure, atopic dermatitis, and pollution-induced skin aging in both in vitro and in vivo studies [63].



The antioxidant potential of a rosemary extract has been confirmed by Ezzat et al. [64], who identified rosmarinic acid, carnosic acid, carnosol, and rosmanol as the key compounds responsible for the extract’s anti-wrinkle action. The topical application of antioxidants has been recognized as an effective approach to reducing skin damage caused by photoaging by protecting cells and tissues from free radicals.



In vitro sun protection factor (SPF) evaluation and in vivo animal model testing of the R. officinalis extract (emulgel) has shown their protective effect against tissue damage resulting from UVB radiation. The synergistic antioxidant and photoprotective ability of rosemary extract can be attributed to its main constituents, particularly rosmarinic acid, carnosic acid, and carnosol [65].




3.4.3. Evaluation of Limit of Detection, and Limit of Quantification


The aims of utilizing the limit of detection (LOD) and limit of quantitation (LOQ) in analytical chemistry are twofold. The LOD serves to determine the lowest concentration at which an analyte can be reliably detected above the background noise level [66]. This sensitivity assessment is particularly valuable for identifying the presence or absence of analytes in samples with low-level concentrations or high background interference. On the other hand, the LOQ establishes the lowest concentration at which an analyte can be quantified with acceptable precision and accuracy. By ensuring accurate quantification within a defined confidence range, the LOQ enables reliable measurements and the assessment of analyte concentrations in various samples.



The determination of the limits of detection (LOD) and limits of quantification (LOQ) is essential in assessing the sensitivity and reliability of the biological assays employed in this study. The results obtained demonstrated that the assays used in this study are reliable and reproducible. Table 6 presents the values of LOD and LOQ obtained for each assay. These results are important for future studies using the same methods, as they provide a reference for the lowest amount of analyte that can be detected or quantified with confidence.






4. Conclusions


The study conducted aimed to analyze the qualitative and quantitative composition of the essential oil (EO) and hydroethanolic extract (HME) obtained from Rosmarinus officinalis cultivated in Algeria. The results of the investigation revealed that both the EO and HME contained a high concentration of potent compounds with antioxidant activity. Notably, the HME was found to be rich in rosmarinic acid and carnosol, indicating its potential as a natural food preservative. On the other hand, the main components of the EO were eucalyptol, camphor, and borneol. These findings align with previous reports that have also highlighted the strong antioxidant activity of R. officinalis extracts. The observed inhibitory effects of both the EO and HME on enzymatic activity are noteworthy. However, further research is required to determine their efficacy at higher doses while ensuring food safety. Future studies could include in vivo toxicity tests and in silico modeling to evaluate the potential benefits and risks associated with different doses of R. officinalis extracts. In summary, this study demonstrates that the EO and HME obtained from R. officinalis cultivated in Algeria are rich in bioactive compounds with potent antioxidant properties. These findings suggest potential applications of rosemary (R. officinalis) extracts in the food industry. The study contributes to the growing body of evidence supporting the health-promoting effects of R. officinalis extracts







Author Contributions


Conceptualization, S.B.-B. and A.B. (Amina Benabdallah); methodology, N.B.; software, S.B.-B.; validation, L.D.B. and H.B.; formal analysis, A.B. (Abderrahim Benslama); investigation, A.B. (Abderrahim Benslama); resources, G.P. and C.N.; data curation, L.D.B.; writing—original draft preparation, S.B.-B.; writing—review and editing, S.B.-B. and A.B. (Amina Benabdallah); visualization, S.B.-B. and A.B. (Amina Benabdallah); supervision, S.B.-B. and A.B. (Abderrahim Benslama); project administration, O.H.A.-E.; funding acquisition, O.H.A.-E. All authors have read and agreed to the published version of the manuscript.




Funding


This work is supported by researchers supporting project number RSP2023R468, King Saud University, Riyadh, Saudi Arabia.




Data Availability Statement


The data are not to be shared due to restrictions, e.g., privacy and regulation.




Acknowledgments


The authors are grateful to the Researchers Supporting Project number (RSP2023R468), King Saud University, Riyadh, Saudi Arabia for supporting this work.




Conflicts of Interest


The authors declare that they have no known competing financial interest or personal relationship that could have appeared to influence the work reported in this paper.




References


	



Yuan, H.; Ma, Q.; Ye, L.; Piao, G. The Traditional Medicine and Modern Medicine from Natural Products. Molecules 2016, 21, 559. [Google Scholar] [CrossRef]

	



Yeshi, K.; Crayn, D.; Ritmejerytė, E.; Wangchuk, P. Plant Secondary Metabolites Produced in Response to Abiotic Stresses Has Potential Application in Pharmaceutical Product Development. Molecules 2022, 27, 313. [Google Scholar] [CrossRef] [PubMed]

	



Semwal, D.K.; Kumar, A.; Aswal, S.; Chauhan, A.; Semwal, R.B. Protective and therapeutic effects of natural products against diabetes mellitus via regenerating pancreatic β -cells and restoring their dysfunction. Phytother. Res. 2020, 35, 1218–1229. [Google Scholar] [CrossRef] [PubMed]

	



Zengin, G.; Sarikürkçü, C.; Aktümsek, A.; Ceylan, R. Antioxidant potential and inhibition of key enzymes linked to Alzheimer’s diseases and diabetes mellitus by monoterpene-rich essential oil from Sideritis galatica Bornm. Endemic to Turkey. Rec. Nat. Prod. 2016, 10, 195. [Google Scholar]

	



Collins, A.E.; Saleh, T.M.; Kalisch, B.E. Naturally Occurring Antioxidant Therapy in Alzheimer’s Disease. Antioxidants 2022, 11, 213. [Google Scholar] [CrossRef] [PubMed]

	



Tundis, R.; Loizzo, M.R.; Menichini, F. Natural products as α-amylase and α-glucosidase inhibitors and their hypogly-caemic potential in the treatment of diabetes: An update. Mini-Rev. Med. Chem. 2010, 10, 315–331. [Google Scholar] [CrossRef]

	



Lee, J.; Vázquez-Araújo, L.; Adhikari, K.; Warmund, M.; Elmore, J. Volatile Compounds in Light, Medium, and Dark Black Walnut and Their Influence on the Sensory Aromatic Profile. J. Food Sci. 2011, 76, C199–C204. [Google Scholar] [CrossRef]

	



Miara, M.D.; Bendif, H.; Hammou, M.A.; Teixidor-Toneu, I. Ethnobotanical survey of medicinal plants used by nomadic peoples in the Algerian steppe. J. Ethnopharmacol. 2018, 219, 248–256. [Google Scholar] [CrossRef]

	



Wollinger, A.; Perrin, É.; Chahboun, J.; Jeannot, V.; Touraud, D.; Kunz, W. Antioxidant activity of hydro distillation water residues from Rosmarinus officinalis L. leaves determined by DPPH assays. Comptes Rendus Chim. 2016, 19, 754–765. [Google Scholar] [CrossRef]

	



Minero, F.; Díaz, L.; Gómez, A. Rosmarinus officinalis L. (Rosemary): An ancient plant with uses in personal healthcare and cosmetics. Cosmetics 2020, 7, 77. [Google Scholar] [CrossRef]

	



Bellumori, M.; Innocenti, M.; Binello, A.; Boffa, L.; Mulinacci, N.; Cravotto, G. Selective recovery of rosmarinic and carnosic acids from rosemary leaves under ultrasound- and microwave-assisted extraction procedures. Comptes Rendus Chim. 2016, 19, 699–706. [Google Scholar] [CrossRef]

	



Osakabe, N.; Yasuda, A.; Natsume, M.; Yoshikawa, T. Rosmarinic acid inhibits epidermal inflammatory responses: An-ticarcinogenic effect of Perilla frutescens extract in the murine two-stage skin model. Carcinogenesis 2004, 25, 549–557. [Google Scholar] [CrossRef]

	



Ono, K.; Hasegawa, K.; Naiki, H.; Yamada, M. Curcumin has potent anti-amyloidogenic effects for Alzheimer’s β-amyloid fibrils In vitro. J. Neurosci. Res. 2004, 75, 742–750. [Google Scholar] [CrossRef] [PubMed]

	



Masuda, S.; Bauer, C.E. AppA is a blue light photoreceptor that antirepresses photosynthesis gene expression in Rhodobacters phaeroides. Cell 2002, 110, 613–623. [Google Scholar] [CrossRef] [PubMed]

	



Oetting, W.S. The Tyrosinase Gene and Oculocutaneous Albinism Type 1 (OCA1): A Model for Understanding the Molecular Biology of Melanin Formation. Pigment. Cell Res. 2000, 13, 320–325. [Google Scholar] [CrossRef] [PubMed]

	



Benabdallah, A.; Betina, S.; Bouchentouf, S.; Boumendjel, M.; Bechkri, S.; Bensouici, C.; Niicoli, F.; Marzia, V.; Negro, C.; De Bellis, L. Chemical profiling, antioxidant, enzyme inhibitory and in silico modeling of Rosmarinus officinalis L. and Artemisia herba alba Asso. essential oils from Algeria. S. Afr. J. Bot. 2022, 147, 501–510. [Google Scholar]

	



Achour, M.; Mateos, R.; Ben Fredj, M.; Mtiraoui, A.; Bravo, L.; Saguem, S. A comprehensive characterisation of rosemary tea obtained from Rosmarinus officinalis L. collected in a sub-humid area of Tunisia. Phytochem. Analy 2018, 29, 87–100. [Google Scholar] [CrossRef]

	



Achour, M.; Ben Salem, I.; Ferdousi, F.; Nouira, M.; Ben Fredj, M.; Mtiraoui, A.; Isoda, H.; Saguem, S. Rosemary Tea Consumption Alters Peripheral Anxiety and Depression Biomarkers: A Pilot Study in Limited Healthy Volunteers. J. Am. Nutr. Assoc. 2021, 41, 240–249. [Google Scholar] [CrossRef]

	



Mammeri, A.; Bendif, H.; Bensouici, C.; Benslama, A.; Rebas, K.; Bouasla, A.; Rebaia, I.; Souilah, N.; Miara, M.D. Total phenolic contents, in vitro antioxidant activity, enzymes inhibition and antiinflammatory effect of the selective extracts from the algerian lavandula multifida. Acta Pharm. Sci. 2022, 60. [Google Scholar] [CrossRef]

	



Bouriah, N.; Bendif, H.; Peron, G.; Miara, M.D.; Dall’acqua, S.; Flamini, G.; Maggi, F. Composition and profiling of essential oil, volatile and crude extract constituents of Micromeria inodora growing in western Algeria. J. Pharm. Biomed. Anal. 2020, 195, 113856. [Google Scholar] [CrossRef]

	



Nicolì, F.; Vergine, M.; Negro, C.; Luvisi, A.; Nutricati, E.; Aprile, A.; Rampino, P.; Sabella, E.; De Bellis, L.; Miceli, A. Salvia clandestina L.: Unexploited source of danshensu. Nat. Prod. Res. 2018, 33, 439–442. [Google Scholar] [CrossRef] [PubMed]

	



Blois, M.S. Antioxidant Determinations by the Use of a Stable Free Radical. Nature 1958, 181, 1199–1200. [Google Scholar] [CrossRef]

	



Singleton, V.L.; Rossi, J.A. Colorimetry of Total Phenolics with Phosphomolybdic-Phosphotungstic Acid Reagents. Am. J. Enol. Vitic. 1965, 16, 144–158. [Google Scholar] [CrossRef]

	



Re, R.; Pellegrini, N.; Proteggente, A.; Pannala, A.; Yang, M.; Rice-Evans, C. Antioxidant activity applying an improved ABTS radical cation decolorization assay. Free Radic. Biol. Med. 1999, 26, 1231–1237. [Google Scholar] [CrossRef] [PubMed]

	



Shi, H.; Noguchi, N.; Niki, E. Galvinoxyl method for standardizing electron and proton donation activity. In Methods in Enzymology; Academic Press: Cambridge, MA, USA, 2001; Volume 335, pp. 157–166. [Google Scholar] [CrossRef]

	



Apak, R.; Güçlü, K.; Özyürek, M.; Karademir, S.E. Novel Total Antioxidant Capacity Index for Dietary Polyphenols and Vitamins C and E, Using Their Cupric Ion Reducing Capability in the Presence of Neocuproine: CUPRAC Method. J. Agric. Food Chem. 2004, 52, 7970–7981. [Google Scholar] [CrossRef] [PubMed]

	



Jayaprakasha, G.K.; Singh, R.P.; Sakariah, K.K. Antioxidant activity of grape seed (Vitisvinifera) extracts on peroxidation models In vitro. Food Chem. 2001, 73, 285–290. [Google Scholar] [CrossRef]

	



Ellman, G.L.; Courtney, K.D.; Andres, V., Jr.; Featherstone, R.M. A new and rapid colorimetric determination of acetyl-cholinesterase activity. Biochem. Pharmacol. 1961, 7, 88–95. [Google Scholar] [CrossRef]

	



Mazouz, W.; Haouli, N.E.H.; Gali, L.; Vezza, T.; Bensouici, C.; Mebrek, S.; Hamel, T.; Gálvez, J.; Djeddi, S. Antioxidant, anti-alzheimer, anti-diabetic, and anti-inflammatory activities of the endemic halophyte Limonium spathulatum (Desf.) kuntze on LPS-stimulated RAW264 macrophages. S. Afr. J. Bot. 2020, 135, 101–108. [Google Scholar] [CrossRef]

	



Lammari, N.; Tanguy, D.; Ouahida, L.; Abdeslam, H.M.; Hervé, C.; Bensouici, C.; Gilles, D.; Fessi, H.; Bentaher, A.; Elaïssari, A. Nanocapsules containing Saussure alappa essential oil: Formulation, characterization, antidiabetic, anti-cholinesterase and anti-inflammatory potentials. Int. J. Pharm. 2021, 593, 120138. [Google Scholar] [CrossRef]

	



Asghari, B.; Zengin, G.; Bahadori, M.B.; Abbas-Mohammadi, M.; Dinparast, L. Amylase, glucosidase, tyrosinase, and cholinesterases inhibitory, antioxidant effects, and GC-MS analysis of wild mint (Mentha longifolia var. calliantha) essential oil: A natural remedy. Eur. J. Integr. Med. 2018, 22, 44–49. [Google Scholar] [CrossRef]

	



Deveci, E.; Tel-Çayan, G.; Duru, M.E. Phenolic profile, antioxidant, anticholinesterase, and anti-tyrosinase activities of the various extracts of Ferulaelaeochytris and Sideritisstricta. Int. J. Food Prop. 2018, 21, 771–783. [Google Scholar] [CrossRef]

	



Ortuño, J.; Serrano, R.; Bañón, S. Antioxidant and antimicrobial effects of dietary supplementation with rosemary diterpenes (carnosic acid and carnosol) vs. vitamin E on lamb meat packed under protective atmosphere. Meat Sci. 2015, 110, 62–69. [Google Scholar] [CrossRef]

	



Al-Khafaji, A.R.; AL-Azawi, A.H. The phenolic compounds extracted from R. officinalis L. and effect of on the biofilm genes in Pseudomonas aeruginosa. Ann. For. Res. 2022, 65, 1943–1958. [Google Scholar]

	



Teruel, M.R.; Garrido, M.D.; Espinosa, M.C.; Linares, M.B. Effect of different format-solvent rosemary extracts (R. officinalis) on frozen chicken nuggets quality. Food Chem. 2015, 172, 40–46. [Google Scholar] [CrossRef]

	



Linares, I.B.; Arráez-Román, D.; Herrero, M.; Ibáñez, E.; Segura-Carretero, A.; Fernández-Gutiérrez, A. Comparison of different extraction procedures for the comprehensive characterization of bioactive phenolic compounds in R. officinalis by re-versed-phase high-performance liquid chromatography with diode array detection coupled to electrospray time-of-flight mass spectrometry. J. Chromato A 2011, 1218, 7682–7690. [Google Scholar]

	



Bendif, H.; Boudjeniba, M.; Miara, M.D.; Biqiku, L.; Bramucci, M.; Caprioli, G.; Lupidi, G.; Quassinti, L.; Sagratini, G.; Vitali, L.A.; et al. Rosmarinus eriocalyx: An alternative to Rosmarinus officinalis as a source of antioxidant compounds. Food Chem. 2017, 218, 78–88. [Google Scholar] [CrossRef]

	



Rekioua, N.; Boumendjel, M.; Taibi, F.; Samar, M.F.; Jemaa, J.M.B.; Benaliouch, F.; Negro, C.; Nicoli, F.; De Bellis, L.; Boushih, E.; et al. Insecticidal effect of Eucalyptus globulus and Rosmarinus officinalis essential oils on a stored food pest Ephesti-akuehniella (Lepidoptera, Pyralidea). Cell. Mol. Biol. 2022, 68, 144–157. [Google Scholar] [CrossRef] [PubMed]

	



Boumadjen, R.; Kimouche, S. Phytochemical Study and Evaluation of the Antioxidant Activity of Rosemary (Rosmarinus officinalis). Master’s Thesis, University of ‘Frères Mentouri’ Constantine, Algeria, North Africa, 2018. [Google Scholar]

	



Benabdallah, A.; Boumendjel, M.; Aissi, O.; Rahmoune, C.; Boussaid, M.; Messaoud, C. Chemical composition, anti-oxidant activity and acetylcholinesterase inhibitory of wild Mentha species from northeastern Algeria. S. Afr. J. Bot. 2018, 116, 131–139. [Google Scholar] [CrossRef]

	



Bowbe, K.H.; Salah, K.B.H.; Moumni, S.; Ashkan, M.F.; Merghni, A. Anti-Staphylococcal Activities of R. officinalis and Myrtus communis Essential Oils through ROS-Mediated Oxidative Stress. Antibiotics 2023, 12, 266. [Google Scholar] [CrossRef] [PubMed]

	



Hudaib, M.M.; Abu Hajal, A.F.; Sakkal, M.M. Chemical Composition of the Volatile Oil from Aerial Parts of R. officinalis L. Growing in UAE. J. Essent. Oil-Bear. Plants 2022, 25, 282–289. [Google Scholar] [CrossRef]

	



Al-Maharik, N.; Jaradat, N.; Hawash, M.; Al-Lahham, S.; Qadi, M.; Shoman, I.; Jaber, S.; Rahem, R.A.; Hussein, F.; Issa, L. Chemical Composition, Antioxidant, Antimicrobial and Anti-Proliferative Activities of Essential Oils of R. officinalis from five Different Sites in Palestine. Separations 2022, 9, 339. [Google Scholar] [CrossRef]

	



Sganzerla, W.G.; Castro, L.E.N.; da Rosa, C.G.; da Rosa Almeida, A.; Maciel-Silva, F.W.; Kempe, P.R.G.; de Oliveira, A.L.R.; Forster-Carneiro, T.; Bertoldi, F.C.; Barreto, P.L.M.; et al. Production of nanocomposite films functionalized with silver nanoparticles bioreduced with rosemary (R. officinalis L.) essential oil. J. Agric. Food Chem. 2023, 11, 100479. [Google Scholar] [CrossRef]

	



Kamli, M.R.; Sharaf, A.A.M.; Sabir, J.S.; Rather, I.A. Phytochemical screening of Rosmarinus officinalis L. as a potential anticholinesterase and antioxidant–medicinal plant for cognitive decline disorders. Plants 2022, 11, 514. [Google Scholar] [CrossRef]

	



Fadili, K.; Amalich, S.; Soro, K.N.; Bouachrine, M.; Mahjoubi, M.; El hilali, F.; Zair, T. Polyphenols content and antioxidant of two species from Moroccan high Atlas: Rosmarinus officinalis et Thymus satureioides. Int. J. Innov. Sci. Res. 2015, 17, 24–33. [Google Scholar]

	



Dhouibi, I.; Flamini, G.; Bouaziz, M. Comparative Study on the Essential Oils Extracted from Tunisian Rosemary and Myrtle: Chemical Profiles, Quality, and Antimicrobial Activities. ACS Omega 2023, 8, 6431–6438. [Google Scholar] [CrossRef] [PubMed]

	



Kabubii, Z.N.; Mbaria, J.M.; Mathiu, M.P.; Wanjohi, J.M.; Nyaboga, E.N. Evaluation of seasonal variation, effect of extraction solvent on phytochemicals and antioxidant activity on Rosmarinus officinalis grown in different agro-ecological zones of Kiambu County, Kenya. CABI Agric. Biosci. 2023, 4, 1. [Google Scholar] [CrossRef]

	



Hua, L.; Xiaoyu, W.; Peihong, L.; Hua, W. Comparative study of antioxidant activity of grape (Vitis vinifera), seed powder assessed by different methods. J. Food Drug Anal. 2008, 16, 67–73. [Google Scholar]

	



Huang, D.J.; Hsien-Jung, C.; Chun-Der, L.I.N.; Yaw-Huei, L.I.N. Antioxidant and antiproliferative activities of water spinach (Ipomoea aquatica Forsk) constituents. Bot. Bull. Acad. Sinica 2005, 46, 99–106. [Google Scholar]

	



Hajimahmoodi, M.; Hanifeh, M.; Oveisi, M.R.; Sadeghi, N.; Jannat, B. Determination of total antioxidant capacity of green teas by the ferric reducing/antioxidant power assay. J. Environ. Health Sci. Eng. 2008, 5, 167–172. [Google Scholar]

	



Aklima, J.; Mojumder, S.; Sikdar, D. Total phenolic content, reducing power, antioxidative and anti-amylase activities of five Bangladeshi fruits. Int. Food Res. J. 2014, 21, 119. [Google Scholar]

	



Bendary, E.; Francis, R.R.; Ali, H.M.G.; Sarwat, M.I.; El Hady, S. Antioxidant and structure–activity relationships (SARs) of some phenolic and anilines compounds. Ann. Agric. Sci. 2013, 58, 173–181. [Google Scholar] [CrossRef]

	



Loganayaki, N.; Siddhuraju, P.; Manian, S. Antioxidant activity and free radical scavenging capacity of phenolic extracts from Helicteres isora L. and Ceiba pentandra L. J. Food Sci. Technol. 2013, 50, 687–695. [Google Scholar] [CrossRef] [PubMed]

	



Antosik, A.; Czubak, K.; Cichon, N.; Nowak, P.; Zbikowska, H. Vitamin E analogue protects red blood cells against storage-induced oxidative damage. Transfus Med. Hemother. 2018, 45, 347–354. [Google Scholar] [CrossRef] [PubMed]

	



Bensouici, C.; Boudiar, T.; Kashi, I.; Bouhedjar, K.; Boumechhour, A.; Khatabi, L.; Larguet, H. Chemical characterization, antioxidant, anticholinesterase and alpha-glucosidase potentials of essential oil of Rosmarinus tournefortii de noé. J. Food Meas. Charact. 2020, 14, 632–639. [Google Scholar] [CrossRef]

	



Orhan, I.; Aslan, S.; Kartal, M.; Şener, B.; Başer, K.H.C. Inhibitory effect of Turkish Rosmarinus officinalis L. on acetyl-cholinesterase and butyrylcholinesterase enzymes. Food Chem. 2008, 108, 663–668. [Google Scholar] [CrossRef]

	



Brewer, M.S. Natural antioxidants: Sources, compounds, mechanisms of action, and potential applications. Compr. Rev. Food Sci. Food Saf. 2011, 10, 221–247. [Google Scholar] [CrossRef]

	



Sarikurkcu, C.; Ceylan, O.; Benabdallah, A.; Tepe, B. Stachys germanica subsp. heldreichii (Boiss.) Hayek: Phytochemical analysis, antioxidant and enzyme inhibitory activities. S. Afr. J. Bot. 2020, 143, 291–300. [Google Scholar] [CrossRef]

	



Belmouhoub, M.; Bribi, N.; Iguer-Ouada, M. Alpha-glucosidase inhibition and antihyperglycemic activity of flavonoids rich fractions of Rosmarinus officinalis in normal and streptozotocin diabetic mice. Orient. Pharm. Exp. Med. 2016, 17, 29–39. [Google Scholar] [CrossRef]

	



Zheng, Y.; Yang, W.; Sun, W.; Chen, S.; Liu, D.; Kong, X.; Tian, J.; Ye, X. Inhibition of porcine pancreatic α-amylase activity by chlorogenic acid. J. Funct. Foods 2019, 64, 103587. [Google Scholar] [CrossRef]

	



El-Kharraf, S.; Faleiro, M.L.; Farah, A.; El-Guendouz, S.; Hadrami, E.M.E.; Miguel, G. Simultaneous hydrodistillation-steam distillation of Rosmarinus officinalis, Lavandula angustifolia and Citrus aurantium from Morocco, major terpenes: Impact on biological activities. Molecules 2021, 26, 5452. [Google Scholar] [CrossRef]

	



Li Pomi, F.; Papa, V.; Borgia, F.; Vaccaro, M.; Allegra, A.; Cicero, N.; Gangemi, S. Rosmarinus officinalis and Skin: Anti-oxidant Activity and Possible Therapeutical Role in Cutaneous Diseases. Antioxidants 2023, 12, 680. [Google Scholar] [CrossRef] [PubMed]

	



Ezzat, S.M.; Salama, M.M.; ElMeshad, A.N.; Teaima, M.H.; Rashad, L.A. HPLC–DAD–MS/MS profiling of standardized rosemary extract and enhancement of its anti-wrinkle activity by encapsulation in elastic nanovesicles. Arch. Pharmacal Res. 2016, 39, 912–925. [Google Scholar] [CrossRef] [PubMed]

	



Takayama, K.S.; Monteiro, M.C.; Saito, P.; Pinto, I.C.; Nakano, C.T.; Martinez, R.M.; Thomaz, D.V.; Verri, W.A., Jr.; Baracat, M.M.; Arakawa, N.S.; et al. Rosmarinus officinalis Extract-Loaded Emulgel Prevents UVB Irradiation Damage to the Skin. An. Da Acad. Bras. De Ciências 2022, 94, 1–19. [Google Scholar] [CrossRef] [PubMed]

	



Armbruster, D.A.; Pry, T. Limit of Blank, Limit of Detection and Limit of Quantitation. Clin. Biochem. Rev. 2008, 29 (Suppl. S1), S49–S52. [Google Scholar] [PubMed]








[image: Separations 10 00394 g001 550] 





Figure 1. HPLC-MS chromatogram reporting the elution of the main chemical compounds present in the hydro-methanolic extract of R. officinalis. 1: quinic acid; 2: caffeic acid hexose I; 3: caffeic acid hexose II; 4: caffeic acid diglucoside; 6: coumaric acid apinosyl glucoside; 14: nepistrin; 16: rosma-rinic acid; 17: luteolin 3(acetil) glucuronide I; 20: luteolin 3(acetil) glucuronide II; 21: cirsimaritin; 23: apigenin; 24: carnosol. 
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Figure 2. GC-MS chromatogram of essential oil of R. officinalis growing in Algeria. For the compound identification, see Table 2. 
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Table 1. Tentative determination of compounds present in the hydromethanolic extracts (HME) of R. officinalis growing in Algeria by HPLC-TOF-MS and comparison with standards and literature.
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	Peak
	Compound
	Rt (min)
	Molecular Formula Proposed

(M-H)−
	m/z

Experimental
	m/z

Calculated
	Error (ppm)





	1.
	Quinic acid
	0.62
	C7H11O6
	191.05
	191.05
	−8.89



	2.
	Caffeic acid hexose I
	2.04
	C15H17O9
	341.09
	341.08
	−6.36



	3.
	Caffeic acid hexose II
	2.10
	C15H17O9
	341.09
	341.08
	−6.85



	4.
	Caffeic acid diglucoside
	3.67
	C21H29O13
	489.16
	489.16
	−4.12



	5.
	Sinapic acid hexoside
	4.45
	C17H21O10
	385.11
	385.11
	−5.03



	6.
	Coumaric acid apinosyl glucoside
	4.51
	C20H25O12
	457.13
	457.13
	−3.51



	7.
	Benzyl alcohol pentosylhexoside
	4.60
	C18H25O10
	401.14
	401.14
	−4.65



	8.
	Tuberonic acid glucoside (?)
	4.70
	C18H27O9
	387.16
	387.16
	−8.64



	9.
	Phloretin 2-xyloglucoside
	5.69
	C26H31O14
	567.17
	567.19
	−1.74



	10.
	Quercetin galactoside
	5.93
	C21H19O12
	463.08
	463.08
	−3.29



	11.
	Pterogynoside
	6.99
	C29H25O14
	597.12
	597.12
	−2.89



	12.
	Luteolin rutinoside
	7.12
	C27H29O15
	593.15
	593.15
	−2.13



	13.
	Luteolin glucoside
	7.18
	C21H19O10
	447.09
	447.09
	−3.12



	14.
	Nepistrin
	7.80
	C22H21O12
	477.10
	477.10
	−8.23



	15.
	Apigenin glucoside
	8.33
	C21H19O10
	431.10
	431.09
	−5.49



	16.
	Rosmarinic acid
	8.64
	C18H15O8
	359.07
	359.07
	−5.53



	17.
	Luteolin 3(acetil) glucuronide I
	10.33
	C23H19O13
	503.08
	503.08
	−5.53



	18.
	Luteolin
	10.56
	C15H9O6
	285.04
	285.04
	−5.16



	19.
	Feruloylnepitrin
	10.61
	C31H27O14
	623.14
	623.14
	−3.65



	20.
	Luteolin 3(acetil) glucuronide II
	11.09
	C23H19O13
	503.08
	503.08
	−4.96



	21.
	Cirsimaritin
	14.07
	C17H13O6
	313.07
	313.07
	−8.10



	22.
	6-Hydroxyluteolin 7,3′ dimethyl ether
	12.98
	C17H13O7
	329.06
	329.06
	−4.86



	23.
	Apigenin
	15.01
	C15H8O5
	268.03
	268.03
	−3.82



	24.
	Carnosol
	17.06
	C20H25O4
	329.17
	329.17
	−5.95
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Table 2. Chemical composition of the essential oil from the aerial part of R. officinalis growing in Algeria.
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	N
	Retention Index
	Compound
	%
	S.E.
	Identification by





	1.
	1010
	α-Thujene
	0.4
	0.1
	Chemical standard



	2.
	1015
	3-carene
	9.2
	0.7
	Chemical standard



	3.
	1021
	2-Methylbicyclo [4.3.0] non-1(6)-ene
	5.0
	0.4
	Nist 2014



	4.
	1087
	ψ-Limonene
	7.1
	0.5
	Chemical standard



	5.
	1113
	β-Pinene
	0.9
	0.2
	Chemical standard



	6.
	1182
	p-Mentha-1,3-diene
	0.5
	0.1
	Nist 2014



	7.
	1217
	β-Cymene
	0.6
	0.1
	Chemical standard



	8.
	1231
	Eucalyptol
	28.7
	2.3
	Chemical standard



	9.
	1251
	gTerpinene
	1.2
	0.1
	Chemical standard



	10.
	1263
	(c/t)-Sabinene hydrate
	0.7
	0.1
	Nist 2014



	11.
	1275
	α-Terpinene
	0.7
	0.1
	Chemical standard



	12.
	1291
	(c/t)-Sabinene hydrate
	0.3
	0.1
	Nist 2014



	13.
	1387
	Linalyl formate
	0.4
	0.1
	Nist 2014



	14.
	1489
	Camphor
	16.7
	1.2
	Chemical standard



	15.
	1586
	Borneol
	13.5
	1.0
	Chemical standard



	16.
	1594
	Terpinen-4-ol
	0.8
	0.2
	Chemical standard



	17.
	1602
	α-Terpineol
	3.4
	0.3
	Chemical standard



	18.
	1815
	Bornyl acetate
	5.8
	0.4
	Nist 2014



	19.
	1914
	Bicyclo [5.2.0]nonane, 2-methylene-4,8,8-trimethyl-4-vinyl-
	3.0
	0.2
	Nist 2014



	20.
	1943
	1,1,4,8-Tetramethyl-4,7,10-cycloundecatriene
	0.3
	0.1
	Nist 2014



	21.
	2075
	Sesquibenihiol
	0.7
	0.1
	Nist 2014
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Table 3. Total polyphenol content and main bioactive constituents identified in rosemary samples.
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	Study
	Total Polyphenol Content (μg GAE/mg)





	Current study
	335.37 ± 9.33



	Boumadjen and Kimouche [45]
	248.55



	Kamli et al. [46]
	804 (ethyl-acetate), 473 (ethanol), 273 (water)



	Dhouibi et al. [47]
	85.27



	Kabubii et al. [48]
	39.71
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Table 4. Antioxidant activity of R. officinalis EOs and HME: comparison and significance analysis (n = 3, log-transformed data, Tukey’s HSD Test: p-Value < 0.01 (a,b and b,c); p-Value < 0.001 (a,c)).
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	DPPH

IC50, μg·mL−1
	ABTS

IC50,

μg·mL−1
	FRAP

A0.5,

μg·mL−1
	Galvinoxyl

Scavenging Assay

EC50, μg·mL−1
	CUPRAC

A0.5, μg·mL−1





	HME
	40.44 ± 0.81 (a)
	39.02 ± 1.02 (a)
	72.40 + 2.89 (a)
	36.07 + 0.45 (a)
	31.36 + 1.36 (a)



	EO
	na
	667.09 ± 3.36 (b)
	Na
	na
	na



	BHA/HME
	6.82 ± 0.49 (b)
	1.59 ± 0.03 (c)
	-
	3.32 ± 0.18 (b)
	9.62 ± 0.87 (b)



	BHT/HME
	6.82 ± 0.49 (b)
	1.03 ± 0.00 (c)
	-
	5.38 ± 0.06 (b)
	3.64 ± 0.19 (b)



	BHA/EO
	6.14 ± 0.41 (b)
	1.29 ± 0.30 (c)
	-
	3.32 ± 0.18 (b)
	5.35 ± 0.71 (b)



	BHT/EO
	12.99 ± 0.41 (c)
	1.81 ± 0.10 (c)
	-
	5.38 ± 0.06 (b)
	8.97 ± 3.94 (b)



	α-Tocopherol
	13.02 ± 5.17 (c)
	-
	34.93 ± 2.38 (b)
	-
	-



	Ascorbic acid
	-
	-
	6.77 + 1.15 (c)
	-
	-



	Tannic acid
	-
	-
	5.39 + 2.38 (c)
	-
	-
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Table 5. Enzyme inhibitory activity of R. officinalis Essential oil (EO) and hydro-methanolic extract HME.
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AChE

	
BChE

	
α-Glucosidase

	
Tyrosinase




	
IC50 μg mL−1






	
HME

	
na

	
na

	
na

	
na




	
EO

	
70.31 ± 5.00

	
na

	
na

	
na




	
Galantamine

	
6.27 ± 1.15

	
-

	
-




	
Quercetin

	
-

	
4.26 ± 0.24

	
-




	
Kojic acid

	
-

	
-

	
25.23 ± 0.78








HME: hydro-methanolic extract; EO: essential oil; AChE: Acetylcholinesterase; BChE: butyrylcholinesterase; BHA: butylated hydroxyanisol, BHT: betahydroxytoluene; IC50: the concentration causing a reduction of 50%; na: not active.
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Table 6. The LOD and LOQ values for the biological assays of R. officinalis EO and HME.
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	Extract
	Test
	LOD µg mL−1
	LOQ µg mL−1





	HME
	TPC
	30.75
	93.3



	BHA
	DPPH
	36.50
	115.64



	BHT
	DPPH
	38.08
	120.62



	α-Tocopherol
	DPPH
	43.55
	137.82



	HME
	ABTS
	1.56
	3.12



	BHT
	ABTS
	6.25
	25



	BHA
	ABTS
	25
	50



	HME
	CUPRAC
	0
	0



	BHA
	CUPRAC
	0.05
	0.15



	BHT
	CUPRAC
	0.07
	0.21



	EO
	ABTS
	3.06
	10.20



	BHA
	ABTS
	0.05
	0.16



	BHT
	ABTS
	0.01
	0.03



	EO
	GOR
	-
	-



	BHT
	GOR
	12.22
	36.92



	BHA
	GOR
	47.68
	144.60



	MER
	GOR
	0.18
	0.55



	BHT
	GOR
	0.59
	1.78



	BHA
	GOR
	0.58
	1.59



	HME
	FRAP
	0.02
	0.09



	Ascorbic acid
	FRAP
	0.10
	0.34



	Tannic acid
	FRAP
	0.12
	0.41



	α-Tocopherol
	FRAP
	0.03
	0.13







LOD: limit of detection; LOQ: limit of quantification; HME: hydromethanolic extract: EO: essential oil; DPPH: 2,2-diphenyl-1-picrylhydrazyl; EHMR: methanolic extract of rosemary; BHA: butylated hydroxyanisol; BHT: butylated hydroxytoluene.
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