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Abstract
Laurus nobilis (LN) has been used throughout the years as a food flavoring and in traditional medicine. The LN leaves have various biological activities, such as antioxidant, wound healing, antibacterial, analgesic, and anti-inflammatory activities. However, oxidative stress, cancer, diabetes, microbial infections, and inflammatory diseases are closely linked. The objective of this research is to characterize Laurus nobilis (LN) aromatic oil (AO) and evaluate its antioxidant, antidiabetic, antiobesity, antimicrobial, and antimutagenic bioactivities. The AO constituents were characterized using gas chromatography–mass spectrometry (GC–MS). The antimicrobial activity was performed using a microdilution assay against six common microbial species. Free radicals, a porcine pancreatic lipase, α-amylase, and α-glucosidase inhibitory assays were conducted utilizing reference biomedical methods. The cytotoxic effect of LNAO was established on a variety of cancer and normal cell lines using the MTS assay. The anti-inflammatory activity of LNAO was evaluated using the Cayman COX activity kit. The results indicate about 99% of the total oil is composed of 36 compounds, the characterized AO metabolites showed content of many oxygenated terpenoids with 1,8-Cineole and Terpinyl acetate as a major component with a percentage of (40.39 and 15.07, respectively. The plant AO showed potent antioxidant activity (IC50 = 2.2 ± 1.38) and has moderate anti-amylase (IC50 = 60.25 ± 1.25), anti-glucosidase (IC50 = 131.82 ± 0.1), and antilipase (IC50 = 83.17 ± 0.06) activities. Moreover, LNAO showed potent antimicrobial activity against Staphylococcus aureus, Escherichia coli, Klebsiella pneumonia, Proteus vulgaris (MICs = 1.56 µg/mL), methicillin-resistant Staphylococcus aureus (MRSA) (MIC = 3.125 µg/mL) and Candida albicans (MIC = 0.195 µg/mL). The cytotoxicity results demonstrated that at a concentration of 1 mg/mL, LNAO has potent breast cancer (MCF-7), and hepatocellular carcinoma (Hep 3B) cancer cells inhibitory activities of 98% and 95%, respectively. Importantly, we are the first to show that LNAO significantly hinders hepatocellular carcinoma spheroids’ formation capacity in a 3D model. These results show that LNAO is a promising natural source with powerful antioxidant, antidiabetic, anticancer, and antimicrobial activities that could be exploited in the future to treat a variety of diseases.
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Abbreviations
	LN
	Laurus nobilis

	AO
	Aromatic oil

	GC–MS
	Gas chromatography–mass spectrometry

	MRSA
	Methicillin-resistant Staphylococcus aureus

	MCF-7
	Breast cancer

	Hep 3B
	Hepatocellular carcinoma

	3D
	Three dimensional

	PKC
	Protein kinase C

	NADPH
	Nicotinamide adenine dinucleotide phosphate hydrogen

	WHO
	World Health Organization

	NCDs
	Noncommunicable diseases
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	The national cancer institute
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	The half maximal inhibitory concentration

	DPPH
	2,2-Diphenyl-1-picrylhydrazyl

	UV
	Ultraviolet
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	American Type Culture Collection

	DMSO
	Dimethyl sulfoxide

	RPMI
	Roswell Park Memorial Institute

	MIC
	Minimum inhibitory concentration

	AB
	Absorbance of the blank

	Ats
	Recorded absorbance of the tested sample solution

	DNSA
	Dinitrosalicylic acid

	PNPG
	4-Nitrophenyl-β-D-glucopyranoside

	HEK
	Human epithelial kidney

	MTS
	3-(4,5-Dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium

	COX
	Cyclooxygenase

	ANOVA
	Analysis of variance

	SD
	Standard deviation




Introduction
Communities have used complementary and alternative medicine since ancient times, particularly the aromatherapy, which employs aromatic oils (AOs) to treat a variety of illnesses [1]. Aromatherapy is an ancient healing practice that dates back roughly 6000 years and was widely practiced in many civilizations like Egypt, India, and China [2]. Recently, the reputation of natural AOs has grown in the pharmaceutical, cosmetic, medical, food, and fragrance industries. AOs are derived from numerous plant parts, including: leaves, flowers, fruits, bark, roots, and seeds [3]. In actuality, AOs comprise a mixture of unsaturated and saturated hydrocarbon derivatives, such as oxides, alcohol, phenols, aldehydes, esters, and terpenes, which can produce aromas [4]. In addition, plants and their derivatives, such as essential oils and extracts, are used as medicine in the global healing system. However, it is exceedingly difficult to obtain drugs made from plants. As a result, scientists are doing research on plants and other natural resources in an effort to identify a feasible, medicinally active material [5].
Until now, data indicated that plant-based medication was more acceptable to people than synthetic medicine. The explanations for such use are the cultures and beliefs of people; the awareness of herbal medicine’s safety; the availability and affordability of herbal remedies; the delays in medical counseling checkups; and the belief in medicinal plants' superior efficacy to conventional medicine, particularly in the event of the latter's failure [6].
The genomic integrity of the cell is maintained by an equilibrium between pro-oxidants of the cell constituents [7]. If this equilibrium is disturbed; the cellular signaling pathways are altered, leading to uncontrolled cell proliferation and cancer, while macrophage polarization results in the formation of atherogenic plaques [7, 8]. Excessive oxidative stress leads to the generation of reactive oxygen species (ROS), which have been associated with a range of deadly illnesses, including diabetes, cancer, chronic inflammation, neurological, infectious, and cardiovascular disorders [9, 10].
In addition, oxidative stress and free radical-induced complications from diabetes mellitus include retinopathy, nephropathy, neuropathy, and coronary artery disease [11]. Moreover, in microbial infections, oxidative stress results, at the very least in part, from altered metabolic pathways. This type of stress has also been linked to the destruction of organs and the development of inflammation and cancer [12].
The involvement of oxidative stress in the etiology of obesity and its related risk factors has been proven by animal, clinical, and epidemiological studies. By promoting the deposition of white adipose tissue and increasing food intake, oxidative stress may cause overweight and obesity [13]. ROS has been identified to play a role in the regulation of body weight by exerting different impacts on the neurons of the hypothalamus that regulate appetite [14]. Besides, obesity produces systemic oxidative stress by numerous biochemical mechanisms, including polyol and hexosamine, protein kinase C (PKC) activation, glyceraldehyde auto-oxidation, oxidative phosphorylation, and superoxide production from NADPH oxidases (NOX) pathways [15]. In addition to hyperleptinemia, tissue dysfunction, inadequate antioxidant defense, chronic inflammation, and postprandial ROS production also contribute to obesity’s oxidative stress [16].
The rapid increase in antimicrobial resistance complicates the treatment of life-threatening diseases and endangers the foundation of modern healthcare [17]. Antimicrobial medications were and are still used inappropriately. In many developing countries, individuals can get antibiotics without a prescription and follow the correct treatment guidelines [18].
Cancer is undoubtedly among the most fatal diseases in society, as it affects everyone regardless of their socioeconomic standing, age, or place of origin. After cardiovascular disease, cancer is one of the leading causes of death in rich societies. According to estimates, over 20 million new instances of cancer were identified worldwide in 2020, and as many as 10 million individuals perished from the disease [19].
Chronic inflammatory diseases are the leading global cause of death. According to the World Health Organization, chronic diseases pose the biggest risk to human health (WHO). Over the next 30 years, the prevalence of illnesses associated with chronic inflammation is projected to increase steadily in the United States. Chronic inflammatory illnesses kill three out of every five individuals globally [20].
Over one billion people worldwide are obese, including 650 million adults, 340 million adolescents, and 39 million children. The WHO estimates that by 2025, approximately 167 million people (adults and children) will experience a decrease in their health due to their overweight or obesity. Obesity is a condition that affects virtually every system of the body. It impacts the cardiovascular, hepatobiliary, renal, musculoskeletal, and reproductive systems. It causes various noncommunicable diseases (NCDs), such as type 2 diabetes, cardiovascular disease, hypertension, stroke, cancer, and mental health issues [21].
Diabetes is a chronic metabolic illness characterized by elevated blood glucose (or blood sugar) levels, which over time cause serious damage to the heart, blood vessels, eyes, kidneys, and nerves. Diabetes affects over 422 million people worldwide, with the majority residing in low- and middle-income countries; it is directly responsible for 1.5 million deaths annually. Both the number of cases and the prevalence of diabetes have increased during the previous two decades [22].
Numerous and diverse plant species are known to possess therapeutic potential. There are around 70,000 plant species utilized for therapeutic purposes, ranging from algae to trees. The National Cancer Institute (NCI) has investigated roughly 35,000 plant species for possible anticancer antitumor properties. Approximately 3000 plant species demonstrate repeatable antitumor efficacy [23].
Laurus nobilis L. (LN) is a perennial shrub that belongs to the family Lauraceae. It has been used throughout the years as a food flavoring and in traditional medicine, because it contains a variety of bioactive and flavoring components [24]. However, several studies have proved the effect of LN aromatic oil (AO) as an antimicrobial, wound healing, antioxidant, anticonvulsant, antimutagenic, and immuno-stimulant [24–29]. The LNAO could be considered a natural supplement or antioxidant in cosmetics and medicine [30, 31].
Despite various ethnomedical applications and important pharmacological activities of LNAO, the biological and phytochemical potentials of this plant species found in Palestine have not been studied. In addition, as we previously reported, oxidative stress, cancer, diabetes, microbial infections, and inflammatory diseases are closely linked. Therefore, this paper deals with the extraction, characterizations of the chemical constituents, antioxidant, antimicrobial, antilipase, anti-α-amylase, anti-α-glucosidase, cytotoxic and anti-tumorigenic effects of the AO of LN leaves collected from Palestine.

Materials and methods
Preparation and extraction of LNAO
The LN plant's leaves were gathered in March 2022 in the Palestinian city of Qalqilya. Before being pounded into a coarse powder, the green, fresh leaves were dried for 2 weeks in the shade at a normal temperature and humidity. Pharmacognosist Dr. Nidal Jaradat carried out the study’s characterization at the Department of Pharmacy, Faculty of Medicine and Health Sciences, An-Najah National University, Palestine. The plant specimen was preserved using the voucher specification code (Pharm-PCT-1366). The LN plant's AO was isolated as stated previously by Jaradat et al. [32]. In a summary, 500 g of dried, powdered leaves were hydrodistilled in a Clevenger-style equipment for 4 h to produce AO, which was then dehydrated with anhydrous sodium sulfate. The dried plant sample had an average extracted AO yield of 1.55%. Up until it was employed in the studies, the AO was kept in an amber flask at a temperature of 5 °C.

GC–MS analysis
A Perkin Elmer Clarus 500 GC gas chromatograph with a Perkin Elmer Clarus 560 mass spectrometer was used for the GC–MS analysis to identify the major constituents of LNAO. Perkin Elmer Elite-5 fused-silica capillary column (30 m × 0.25 mm, film thickness 0.25 m) was utilized to perform the chromatographic separation. The column temperature was scheduled to rise by 4 °C every minute from 50 °C for 5 min to 280 °C. Helium was used as a carrier gas at a constant flow rate of 1 mL/min. The oven temperature was set at 250 °C. An exact volume of 0.2 µl of plain oil was injected in split mode with a split ratio of 1:50. The National Institute of Standards and Technology's MS Data Centre reference spectra library were compared to the obtained mass spectra of the chemical components of the tested AO, and their Kovats and retention indices were compared to values reported in the literature [33–35].

Antioxidant assay
A solution of AO (1 mg/mL) in methanol was serially diluted with methanol to generate concentrations of 2, 5, 10, 20, 30, 50, and 80 µg/mL for measurement of LNAO antioxidant inhibition effect. The DPPH (2,2-diphenyl-1-picrylhydrazyl) reagent (Sigma, USA) was then dissolved in methanol (0.002%w/v) and combined in a 1:1 ratio with the previously generated working concentration. The same methods were done for Trolox (Sigma-Aldrich, Denmark) as a positive control. All of the solutions were maintained at room temperature in a dark chamber for 30 min. Their absorbance values were then measured using a UV–visible spectrophotometer at a wavelength of 517 nm. The inhibition potentials of LNAO and Trolox against DPPH were calculated using the following equation:[image: $${\text{DPPH}}\;{\text{inhibition}}\;(\%) = \left( {\text{abs}_{\text{blank}} - {\text{ abs}}_{\text{sample}}} \right)/{\text{abs}}_{\text{blank}} \times 100\%$$]



where absblank is the blank absorbance and abssample is the absorbance of the samples. The antioxidant half-maximal inhibitory concentration (IC50) of LNAO and Trolox was assessed using the BioDataFit program [36].

Antimicrobial activity
The antibacterial activity of LNAO was determined as previously described in our research work [37]. The bactericidal effect of the AO was performed utilizing five common bacterial species derived from the American Type Culture Collection (ATCC), including: Klebsiella pneumonia (13883), Escherichia coli (25922), Pro-teus vulgaris (8427), Staphylococcus aureus (25923), and Pseudomonas aeruginosa (9027). Methicillin-resistant Staphylococcus aureus (MRSA) that was used in this investigation which was isolated from An-Najah National University Hospital. LNAO's antifungal activity was also tested against Candida albicans (90028). The Minimal Inhibitory Concentration (MIC) of the LNAO was evaluated using broth microdilution, whereas the Minimal Lethal Concentration (MLC) was determined by subculturing into the surface of the agar plates.
The AO was first dissolved in DMSO at a 200 µg/mL concentration. In sterile Mueller–Hinton Broth, twofold serial microdilutions were performed 10 times (10 wells) (MHB). The dilutions were performed in 96-well plates under aseptic conditions, with the abovementioned 10 wells containing a gradient of LNAO concentrations (50 µg/mL to 0.1 µg/mL), mixed with prepared bacterial solutions. The other two wells were utilized as controls; one was a positive growth control containing only media and bacteria, while the other was a negative growth control containing only media. Then, micro-well plates were incubated at 37 °C for 18–24 h. The exact process was performed for the used fungal strain, C. albicans, in which the media used was RPMI, and the incubation time was 48 h. The lowest concentration of the AO that inhibits microorganism growth is considered MIC. To calculate the MIC values, those micro-wells with no growth were subcultured into the surface of the agar plate, and the lowest concentration with no microbial growth was considered as the MLC. Doxycycline and Ciprofloxacin were used as positive controls, while Miconazole was used as positive control for antifungal activity [37].

Porcine pancreatic lipase inhibitory assay
The pancreatic lipase inhibitory test was performed in a similar methodology described by Zheng et al. with slight modifications [39]. Orlistat medication is an anti-obesity and anti-lipase medicine and was used as a positive control. A 500 mg/mL AO stock solution was mixed in DMSO: methanol (1:9), and five separate dilutions were made to make a final concentration of (10, 50, 100, 500, and 700 µg/mL). A freshly prepared 1 mg/mL stock solution of porcine pancreatic lipase was dispersed in Tris–HCl buffer. PNPB (Sigma-Aldrich, Germany) solution was prepared by dissolving 20.9 mg in 2 mL of acetonitrile. In 5 distinct working test tubes, 0.1 mL of porcine pancreatic lipase (1 mg/mL) and 0.2 mL of the AO from each concentration series were combined. The mixture was completed to1 mL with Tri-HCl solution and was incubated at 37 °C for 15 min. After that, 0.1 mL of p-nitrophenyl butyrate solution was added to each test tube, and the mixture was incubated at 37 °C for 30 min. A UV–Vis spectrophotometer was used to measure the hydrolysis of PNPB into p-nitrophenolate ions at 410 nm to estimate pancreatic lipase activity. The same steps were taken with the positive control sample (Orlistat) (Sigma-Aldrich, Germany). Using the following equation, the inhibitory percentage of anti-lipase activity was calculated:[image: $${\text{Lipase}}\;{\text{inhibition}}\;\% = \left( {{\text{AB}} - {\text{A}}_{\text{ts}} } \right)/{\text{AB}} \times 100\%$$]



where AB is the recorded absorbance of the blank solution and Ats is the recorded absorbance of the tested sample solution.

α-Amylase inhibition assay
The α-amylase inhibitory activity of LNAO was tested according to the standard method reported by Nyambe-Silavwe et al. with slight changes [38]. The AO was dissolved in DMSO (Riedel-de-Haen, Germany) and then diluted to 1000 µg/mL with a buffer ((Na2HPO4/NaH2PO4 (0.02 M), NaCl (0.006 M) at pH 6.9). A series of concentrations of 10, 50, 70, 100, and 500 µg/mL were created. 0.2 mL of porcine pancreatic -amylase enzyme solution (Sigma-Aldrich, USA) was combined with 0.2 mL of the AO and incubated at 30 °C for 10 min. The mixture was then incubated for at least 3 min after adding 0.2 mL of newly produced starch solution (1%). The reaction was stopped using 0.2 mL of dinitrosalicylic acid (DNSA) (AlfaAesar, UK), the mixture was then diluted with 5 mL of distilled water and heated in a water bath at 90 °C for 10 min. The mixture was allowed to cool to room temperature and then its absorbance at 540 nm was measured. Following the same above steps; a blank was prepared by replacing the LNAO with 0.2 mL of the buffer.
Aacarbose (Sigma-Aldrich, USA) was used as appositive control following the same process as described above. The inhibitory activity of -amylase was determined using the following equation:[image: $$\% \; {\text{of}}\, \alpha{\text{-amylase}}\; \text{{inhibition}}= \left({{\text{A}}_{{\text{b}}} - {\text{A}}_{{\text{S}}} } \right)/{\text{A}}_{{\text{b}}} \times 100\%$$]



where Ab is the absorbance of the blank and AS is the absorbance of the tested sample or control.

α-Glucosidase inhibitory activity assay
LNAO’s-glucosidase inhibitory activity was tested using a standard methodology followed by Ademiluyi et al. with a minor modification [39]. A mixture of 50 μL of phosphate buffer (100 mM, pH 6.8), 10 μL α-glucosidase (1 U/mL) (Sigma-Aldrich, USA), and 20 μL LNAO to have a serial concentration of (100, 200, 300, 400 and 500 µg/mL) which were added in 5 distinct test tubes. After 15 min at 37 °C, 20 μL of pre-incubated 5 mM PNPG (Sigma-Aldrich, USA) was added to each test tube. The reaction mixtures were incubated for 20 min at 37 °C. The process was stopped by adding 50 μL of aqueous Na2CO3 solution (0.1 M). The absorbance of the emitted p-nitrophenol was measured by a UV/Vis spectrophotometer at 405 nm. The positive control was acarbose at similar quantities to the plant AO. The inhibition percentage was calculated using the following equation [40]:[image: $$\% \; {\text{of}}\;\alpha{\text{-amylase}}\; {\text{inhibition}} = \left( {{\text{A}}_{{\text{b}}} -{\text{A}}_{{\text{S}}} } \right)/{\text{A}}_{{\text{b}}} \times 100\%$$]



where Ab is the absorbance of the blank and AS is the absorbance of the tested sample or control.

Cytotoxicity method
Cells from the following types of cancer were grown in RPMI 1640 medium: breast cancer (MCF-7), hepatocellular carcinoma (Hep 3B & Hep G2), skin tumor (B16-F1), colorectal adenocarcinoma (COLO 205, Caco-2), cervical adenocarcinoma (HeLa), human hepatic stellate (LX-2), and human epithelial kidney (HEK-2 HeLa cells were grown at 37 °C in a humidified environment with a 5% CO2 atmosphere, and 5 × 103 cells were then seeded into each well of a 96-well plate. After 24 h, cells were exposed to various concentrations of the tested AO (10, 50, 100, 500, and 700 µg/mL) with Doxorubicin as a positive control for 48 h. The Cell-Tilter 96® Aqueous One Solution Cell Proliferation (MTS) bioassay (Promega Corporation, Madison, WI) was used to test the cell viability in accordance with the instructions on the package. Furthermore, 100 µL of medium and 20 µL of MTS solution were added to each well, and the plates were then incubated for 2 h 37 °C. The absorbance of the plates was read using a UV–Vis spectrophotometer at 490 nm [41, 42].

Cyclooxygenase inhibitory effect
The AO cyclooxygenase inhibition activity was tested using Cayman COX inhibitor screening test. The test procedure followed Cayman Chemical Manufacturer's Guidelines. The kit has human recombinant COX-2 and bovine COX-1 which convert arachidonic acid (AA) to PGH2. LNAO's 50% inhibitory concentration (IC50) on COX-1/COX-2 selectivity was evaluated at two prepared concentrations (50 and 350 g/mL). All the test we performed in triplicate. The inhibition of the extracted plant was calculated from a standard curve consisting of eight different standard doses of prostaglandin, a non-specific binding sample, and a maximum binding sample. The multiple regression equation of the best-fit line generated by the kit was employed. The IC50 concentration was computed using the percentage of inhibition of the tested concentration [43].

Liver cancer spheroids production test
The ability of spheroids to develop was investigated in round-bottom wells with extremely low attachment conditions. In this experiment, 4 × 103 Hep3B liver cancer cells were planted per well for 24 h at 37 °C and 5% CO2 in the presence of increasing doses of Laurus Nobilis essential oil. Doxorubicin, an anti-cancer drug, was employed as a positive control (100 mg/mL). Images of the formed spheroids/clusters were obtained at 0 h and 24 h using an inverted microscope. ImageJ was used to examine the spheroids' images.

Statistical analysis
All tests were done in triplicate; the results were expressed as means ( ±) standard deviation (SD). A p value < 0.05 was considered statistically significant when analysis of variance (ANOVA) and t test were employed.


Results and discussion
Chemical composition of aromatic oil
A GC–MS combination was used to determine the chemical composition of the LN plant's leaf-extracted AO on both a qualitative and quantitative level (Additional file 1: Figure S1). The identities and amounts of the chemical components of AO isolated from LN are presented in Table 1.Table 1Phytochemical composition of AO form LN


	Name
	Chemical class
	R.T
	R.I ( SIM)
	AO, %

	Thujene
	Monoterpene
	9.46
	923
	0.445

	α-Pinene
	Terpene
	9.8
	931
	4.551

	Camphene
	Monoterpene
	10.51
	947
	0.156

	Sabinene
	Monoterpene
	11.58
	970
	10.350

	β-Pinene
	Terpene
	11.76
	974
	3.150

	Myrcene
	Monoterpene
	12.34
	987
	1.936

	α-Phellandrene
	Cyclic monoterpenes
	13.02
	1002
	4.224

	δ-3-Carene
	Bicyclic monoterpene
	13.15
	1005
	0.742

	α-Terpinene
	Monoterpenes
	13.52
	1014
	0.550

	o-Cymene
	Aromatic hydrocarbon
	13.86
	1022
	0.207

	1,8-Cineole
	Oxanes
	14.19
	1030
	40.388

	α-Terpinene
	Monoterpenes
	15.32
	1056
	1.005

	trans-4-Thujanol
	Monoterpene
	15.86
	1069
	0.003

	Terpinolene
	Cyclic monoterpene
	16.44
	1083
	0.601

	Linalool
	Acyclic monoterpenoid
	17.08
	1098
	0.001

	cis-4-Thujanol
	Monoterpene
	17.16
	1100
	0.002

	Terpineol < δ- > 
	Menthane monoterpenoids
	19.85
	1169
	0.001

	Terpinen-4-ol
	Menthane monoterpenoids
	20.23
	1178
	2.006

	α-Terpineol
	Menthane monoterpenoids
	20.77
	1192
	4.303

	Linalool formate
	Acyclic monoterpenoid
	21.32
	1207
	0.035

	2-(1E)-1-Propenylphenol
	Phenol
	23.46
	1267
	0.061

	Bornyl acetate
	Bicyclic monoterpenoids
	23.99
	1281
	0.381

	δ-Terpinyl acetate
	p-menthane monoterpenoid
	24.99
	1310
	0.377

	Linalool propanoate
	Acyclic monoterpenoid
	25.83
	1335
	1.731

	Terpinyl acetate
	p-menthane monoterpenoid
	26.17
	1344
	15.067

	Eugenol
	Phenylpropanoids
	26.35
	1351
	0.002

	Neryl acetate
	Terpenoid
	26.49
	1355
	0.439

	Neral
	Aldehyde
	27.57
	1387
	0.128

	Methyl eugenol
	Phenylpropanoids
	27.87
	1396
	3.928

	β-Caryophellene
	Bicyclic sesquiterpene
	28.55
	1418
	0.133

	E-Methyl isoeugenol
	Phenylpropanoid
	30.86
	1492
	0.447

	Bicyclogermacrene
	Isolepidozane sesquiterpenoids
	30.94
	1494
	0.287

	Caryophellene oxide
	Bicyclic sesquiterpene
	33.41
	1578
	0.969

	11-Acetoxyeudesman-4-α-ol
	sesquiterpenoids
	42.71
	1926
	0.032

	Ferula lactone I
	lactone
	44.12
	1984
	0.161

	n-Tricosane
	Alkane
	52.57
	2320
	0.201

	Sum
	 	 	 	99




About 99% of the total oil is constituted of 36 compounds and most of the characterized AO metabolites are oxygenated terpenoids. As can be seen from Table 1, 1,8-cineole is the major component (40.388%), followed by terpinyl acetate (15.067%), and sabinene (10.350%).
A study conducted by El-Sawi et al. reported that 1,8-cineole (50.38%), α-terpenyl acetate (19.97%), 4-trepinol (6.48%), and sabinene (4.82%) were the major ingredient of LNAO from Egypt [26]. In addition, 1,8-cineole (31.9%), sabinene (12.2%), and linalool (10.2%) are the main components of LNAO from Italy [44]. Besides, 1.8-cineole (52.43%), α-terpinyl acetate (8.96%), and sabinene (6.13%) were the abundant molecules identified in the LNAO from Morocco [25].

DPPH-free radicals, porcine pancreatic lipase, α-amylase, and α-glucosidase inhibitory activities
Obesity is gaining acceptance as a serious primary health burden that impairs the quality of life because of its associated complications, including cancer, infertility, renal dysfunction, hepatic disorders, sleep problems, asthma, diabetes, and cardiovascular diseases [45]. There is a strong correlation between obesity, oxidative stress, diabetes, cancer, inflammatory and infectious diseases. As well as each of the mentioned diseases can lead directly to other diseases [45].
Antioxidant activity of natural and synthetic products can be evaluated using the DPPH (2,2-diphenyl-1-picrylhydrazyl) technique, which is an accurate, simple, cheap, rapid technique for evaluating the potential of diverse substances to serve as free radical scavengers or hydrogen donors [46].
Figure 1 demonstrates the in-vitro DPPH scavenging ability of the LNAO and positive control drug Trolox. In fact, Trolox (6-hydroxy-2,5,7,8-tetramethyl chromane-2carboxylic acid) is a water-soluble antioxidant that was produced in 1974 as a vitamin E derivative and has been utilized as a standard antioxidant in assays of antioxidant properties [47]. According to this colorimetric assay, LNAO has potent free radical scavenging activity and at the concentration of 80 µg/mL, the AO exhibited 93.22 ± 1.7 percentage compared with Trolox, which at the same concentration has 92.65 ± 0.01% DPPH inhibitory activity. Table 2 results are presented as IC50 values; the lower IC50 doses indicated stronger antioxidant activity. However, DPPH inhibitory activity experiment in the present work demonstrates that the LNAO has potent free radical scavenging power, even more than Trolox, with IC50 doses of 2.2 ± 1.38 and 2.88 ± 0.57, respectively which means that the DPPH radical scavenging activity of the LNAO was higher than the activity of the positive control.α-Amylase inhibitors suppress the action of pancreatic and salivary amylase in vivo and in-vitro. They can impair the animal’s complex carbohydrate metabolism when given in high amounts in supplements or diet, which may be of great importance in the treatment of diabetes or obesity.[image: ]
Fig. 12,2-Diphenyl-1-picrylhydrazyl free radicals scavenging property of Laurus nobilis aromatic oil and Trolox

Table 2DPPH-free radicals, porcine pancreatic lipase, α-amylase, and α-glucosidase activities IC50 values (µg/mL) of Laurus nobilis aromatic oil and positive controls


	Activities
	Laurus nobilis aromatic oil IC50 values (µg/mL)
	Positive controls IC50 values (µg/mL)

	Antioxidant
	2.2 ± 1.38
	2.88 ± 0.57a

	Anti-amylase
	60.25 ± 1.25
	28.18 ± 1.22b

	Antiglucosidase
	131.82 ± 0.1
	41.68 ± 0.34c

	Antilipase
	83.17 ± 0.06
	12.88 ± 0.94d


a Trolox; b Acarbose; c Acarbose; d Orlistat



In an array to explore the antidiabetic activity, LNAO was screened for the α-amylase inhibitory property. Initial screening showed that the AO has strong α-amylase inhibitory potential compared with the antidiabetic drug Acarbose, that is, 58.67 ± 0.00% and 72.54 ± 1.37% at 500 µg/mL, respectively (Fig. 2). Furthermore, the AO showed a concentration-dependent increase in percent inhibition of α-amylase activity with IC50 values (60.25 ± 1.25 and 28.18 ± 1.22 µg/mL, respectively) (Table 2).[image: ]
Fig. 2Porcine pancreatic α-amylase inhibitory property of Laurus nobilis aromatic oil and Acarbose α-Amylase and α-glucosidase inhibitors suppress the action of pancreatic and salivary amylase in vivo and in-vitro. They can impair the animal’s carbohydrate metabolism when given in high amounts in supplements or diet, which may be of great importance in the treatment of diabetes or obesity


It is well known that inhibiting intestinal α-glucosidase activity causes delayed digestion of monosaccharides, resulting in less postprandial hyperglycemia. In Fig. 3, the LNAO suppressed the α-glucosidase in a dose-dependent manner. Actually, at the starting treatment (100 µg/mL), the LNAO inhibited the effect of α -glucosidase by 53.22 ± 0.2%, compared with Acarbose, which inhibited at the same concentration the action of α-glucosidase by 65.5 ± 0.5%. At 500 µg/mL dose, the LNAO inhibited the action of α-glucosidase by 72.54 ± 0.15% compared with Acarbose, which inhibited the action of α-glucosidase at the same dose by 85.1 ± 0.6%. The plant AO showed (Table 2) a moderate α-glucosidase inhibitory activity matched with Acarbose (IC50 = 131.82 ± 0.1 and 41.68 ± 0.34 µg/mL, respectively). α-Glucosidase antagonists slow the rapid increase in blood sugar levels that diabetes people commonly suffer following snacking by delaying gastrointestinal carbohydrate digestion. However, none of the α-glucosidase inhibitors that are now available for clinical usage are free from serious side effects [48].[image: ]
Fig. 3α-Glucosidase inhibitory property of Laurus nobilis aromatic oil and Acarbose


Besides hyperglycemia associated with high consumptions of simple and complex types of carbohydrates, diabetic patients are usually highly characterized by high levels of triglycerides in the blood which is highly associated with increased consumption of a high-fat diet and modern lifestyle [49].
Reducing the absorption of free fatty acids by inhibiting the action of pancreatic lipase decreases hyperlipidemia and hyperglycemia associated with obesity and diabetes [50].
Figure 4 shows that the LNAO has a moderate antilipase effect compared with Orlistat. However, at a concentration of 500 µg/mL, LNAO and Orlistat inhibited the lipase enzyme with 62.64 ± 0.2 and 97.3 ± 0.58%, respectively. From this figure, the IC50 values of the tested sample were calculated and were 83.17 ± 0.06 and 12.88 ± 0.94 µg/mL, respectively (Table 2).[image: ]
Fig. 4Lipase inhibitory property of Laurus nobilis aromatic oil and Trolox


A study established by [26] found that LNAO has DPPH free radical scavenging activity with an IC50 value of 0.52 mg/mL.

Antibacterial and antifungal activities
Table 3 depicts the results of the antimicrobial activity of LNAO against Gram-negative and Gram-positive bacteria and fungal strains. The results revealed that LNAO has strong antibacterial and antifungal activities against the screened Gram-positive, Gram-negative, and fungal strains (Table 3). The highest antibacterial activity was noticed on S. aureus, E. coli, K. pneumonia, and P. vulgaris with MIC and MLC values of 1.56 µg/mL. Besides, compared with Doxycycline and Ciprofloxacin antibiotics, the LNAO showed powerful anti-MRSA with MIC and MLC values of 3.125 µg/mL for each. In addition, against S. aureus, the antibacterial activity of the LNAO showed similar effective potential as in Ciprofloxacin and less effective than Doxycycline with MICs of 1.56, 1.56, and 0.1 µg/mL, respectively. While LNAO MLC against S. aureus showed promising potential activity that is equal to Ciprofloxacin and more potent than Doxycycline with MLCs values of 1.56, 1.56, and 12.5 µg/mL, respectively. Moreover, the LNAO demonstrated high activity against E. coli and K. pneumoniae than Doxycycline with MLCs values of 1.56, vs 50 µg/mL, respectively, while having the same MIC values as 1.56 µg/mL. In the same context, in comparison with Ciprofloxacin, LNAO has less potency against E. coli, P. vulgaris, P. aeruginosa, and K. pneumoniae. Interestingly, the activity of our extract against P. aeruginosa is valuable in comparison with Doxycycline, with MIC and MLC values of 6.25, 6.25, 12.5, and 50 µg/mL, respectively. Indeed, the LNAO has strong activity against C. albicans compared with the commercial anti-yeast drug Miconazole with MIC values of 0.195 and 0.39 µg/mL, respectively, while has more potent MLCs (1.95 and 12.5, respectively).Table 3Antimicrobial MIC and MLC (µg/mL) of Laurus nobilis aromatic oil (LNAO) and positive controls


	 	Bacteria
	Fungus

	Gram-positives
	Gram-negatives
	yeast

	Sources
	Clinical strain
	ATCC 25923
	ATCC 25922
	ATCC 13883
	ATCC 8427
	ATCC 9027
	ATCC 90028

	Microbe
	MRSA
	S. aureus
	E. coli
	K. pneumoniae
	P. vulgaris
	P. aeruginosa
	C. albicans

	LNAO MIC
	3.125
	1.56
	1.56
	1.56
	1.56
	6.25
	0.195

	LNAO MLC
	3.125
	1.56
	1.56
	1.56
	1.56
	6.25
	0.195

	Miconazole MIC
	–
	–
	–
	–
	–
	–
	0.39

	Miconazole MLC
	–
	–
	–
	–
	–
	–
	12.5

	Doxycycline MIC
	0.2
	0.1
	1.56
	1.56
	0.78
	12.5
	–

	Doxycycline MLC
	25
	12.5
	50
	50
	6.25
	50
	–

	Ciprofloxacin MIC
	25
	1.56
	0.02
	0.04
	0.039
	0.31
	–

	Ciprofloxacin MLC
	50
	5
	0.625
	0.156
	1.25
	0.62
	–




These results go beyond previous reports, showing that LNAO has potential antibacterial activity against S. aureus, E. coli, and P. aeruginosa with MICs of 0.4, 0.8, and 0.4 µm/mL, respectively [44].
When comparing our results to those of older studies, it must be pointed out that LNAO from Palestine has more potential anticandidal activity than LNAO from Brazil and has MIC and MLC values of 250 and 500 µg/mL, respectively, while LNAO from Palestine has MIC and MLC values of 0.195 µg/mL [51].
The current study outcomes are directly in line with previous findings which reported the antimicrobial strength of LNAO collected from various locales [25, 52, 53].

Cyclooxygenase activity
For ages, people treated various inflammatory illnesses utilizing medicinal plants due to the presence of secondary metabolites like polyphenols, terpenes, aromatic oils and tannins. It was demonstrated that those molecules can regulate the innate and adaptive immune response by inhibiting or stimulating cell signaling pathways involved in the inflammatory response [54].
The anti-inflammatory activity of the LNAO plant from Palestine was the first time ever to be evaluated using an in-vitro Cayman kit test. The inhibition activity against cyclooxygenase (COX) coenzymes was evaluated and the result indicates almost an equivalent activity for both COX coenzymes (Fig. 5). However, the results showed slightly higher activity against COX 1. The plant extract at a concentration of 40 µg/mL showed more than 80% inhibition for both COX coenzymes. This result indicates lower potency compared to the selective COX2 Celecoxib drug which has IC50s = 22.9 and 0.05 μM for COX-1 and COX-2, respectively)[55]. However, LNAO showed much more potent COX inhibition activity compared to Ibuprofen as shown in previously published research, where it has 50% inhibition at a concentration of 1 μg/mL and 46 μg/ml for COX1 and COX2 enzymes, respectively [56]. Moreover, the COX activity of LNAO was much more potent against COX 2 compared to a recently published work by our research team of Artemisia arborescens essential oil (IC50 = 81.7 µg/mL) [57].[image: ]
Fig. 5Cyclooxygenase enzyme inhibition of AOLN



Cytotoxicity
The LNAO was tested against various cancer cell lines including: hepatocellular carcinoma (Hep 3B & Hep G2), breast cancer (MCF-7), skin tumor (B16-F1), cervical adenocarcinoma (HeLa), colorectal adenocarcinoma (COLO 205, Caco-2), and Human epithelial kidney (HEK-293 T) and human hepatic stellate (LX-2) cells. The results indicate variation in the inhibition activity according to cancer cell line type. The results illustrate moderate to potent activity against HeLa MCF-7, HepG2 and Hep3B cancer cells. The detailed IC50 results are shown in Table 4.Table 4IC50 (µg/mL) of Laurus nobilis AO against seven types of cancer and normal cell lines


	Cells
	Laurus nobilis aromatic oil
	DOX

	HeLa
	704.546 ± 2.50
	1.2934 ± 1.022

	MCF-7
	702.209 ± 1.88
	1.705 ± 0.89

	HepG2
	873.131 ± 2.88
	0.889 ± 0.750

	Hep3B
	824.225 ± 2.55
	0.334 ± 0.271

	COLO-205
	 > 1000
	 >  > 0.05

	CaCo-2
	673.821 ± 1.07
	 >  > 0.05

	B16F1
	 > 1000
	 >  > 0.05

	LX-2
	 > 1000
	 >  > 0.05

	Hek293t
	 > 1000
	0.069 ± 0.355




The cytotoxicity results clearly demonstrated the potent inhibition activity of LNAO against MCF-7 and HeLa cancer cells. Moreover, a higher concentration of the plant AO (1 mg/mL) caused 98% and 95 inhibitions of MCF-7 and Hep 3B cancer cells, respectively (Fig. 6). The percentage inhibition showed a significant increase in cell inhibition at a higher dose for MCF-7 and Hep 3B compared to other tested cell lines (Fig. 7).[image: ]
Fig. 6Percentage inhibition of cancer cell lines by Laurus nobilis aromatic oil and DMSO at a concentration of 0.5, 1 mg

[image: ]
Fig. 7Percentage inhibition of cancer cells by Laurus nobilis AO at concentration range of 0–1 mg/mL


The cytotoxicity test of this research comes in support of similar research done on the same plant by other research groups showing antitumor activity in HPV16-transgenic mice [58]. Kalaldeh et al. did a cytotoxicity evaluation of plants on breast cancer cells only; in this research paper, we examined nine cancer cell lines making this research broader and more extensive work to evaluate the anticancer activity of L. nobilis aromatic extract [59].

LNAO blocks three-dimensional spheroids’ formation in a dose-dependent manner
Multicellular 3D spheroid models mimic the microenvironment of real tumors. In addition, they offer a platform for the identification of cancer therapies as well as a deeper comprehension of cellular and external interactions. The formation of 3D cancer spheroids reflects cancer cells’ capacity to form tumors. In this context, we examined the capacity of Hep3B liver cancer cells to form spheroids in presence of different concentrations of LNAO. In Control, non-treated cells aggregated to form a round 3D spheroid (Fig. 8). The increasing concentrations of LNAO showed a dose-dependent hindering effect on spheroid formation capacity as 500 µg/mL and 1000 µg/mL have significantly hindered spheroid formation (Fig. 8A–D). Alternatively, cells were aggregated as a very large 2D cluster with irregular shapes, while a similar result was observed in the positive control condition (Doxorubicin). It has been recently reported that sensitivity to certain anti-tumor drugs was reduced in a regrowth test of hepatocellular carcinoma in a 3D model [60]. In addition, 3D spheroid formation capacity was shown to be prevented in ovarian cancer 3D models [61]. The effect of LNAO has been studied on MCF-7 spheroids and results showed an inhibitory effect on cell viability (63). Altogether, those results suggest strongly that LNAO possesses tumor formation-blocking abilities against hepatocellular carcinoma.[image: ][image: ]
Fig. 8LNOA blocks three-dimensional spheroids’ formation in a dose-dependent manner. Illustrative images of Hep3B liver cancer cells after 24 h of incubation in presence of (0, 31.25, 62.5, 125, 250, 500, and 1000 µg/mL of LNAO or 100 µg/mL of Doxorubicin (used as a positive control) to test their spheroids formation capacity (8 A). Analytic figures include Cluster area relative to a negative control (8 B), cluster perimeter relative to the negative control (8 C), and cluster circularity "value of 1 = round cluster, the value of 0 = elongated cluster" (8 D). Control condition refers to non-treated cells. Scale bar = 10 μm




Conclusions
The current research is the first of its kind to explore the biological and phytochemical potentials of this plant species found in Palestine. The current results revealed the presence of many phytochemicals in the aromatic oil (AO) extracts of Laurus nobilis. Obviously, the Laurus nobilis aromatic oil showed a very potent antioxidant activity with more inhibition activity against the positive control Trolox (IC50 = 2.2 ± 1.38). The results also showed that the extracts have potential cytotoxic activity against MCF-7 and Hep 3B cancer cells with inhibition activity of 98% and 95%, respectively. Besides, AO LN showed many other inhibitory activities against amylase, glucosidase, and lipase enzymes; indicating a promising therapeutic effect for diabetic and obese patients. Moreover, Laurus nobilis aromatic oil showed a potent antimicrobial effect against S. aureus, E. coli, P. aeruginosa, K. pneumonia, MRSA (MIC = 3.125 µg/mL), and C. albicans (MIC = 0.195 µg/mL) and was more effective than the positive controls used: Doxycycline, Ciprofloxacin, and Miconazole. Of note, Laurus nobilis aromatic oil proved to have an inhibitory impact on liver cancer spheroids’ formation capacity in a three-dimensional model that mimics the primary tumor. These findings indicate that the AO LN collected from Palestine is a promising natural source of potent biological activity as an antioxidant, antidiabetic, antimicrobial, and anti-tumorigenic agent. In fact, it can be used in future pharmaceutical formulations and as a treatment strategy for oxidative stress, diabetes, obesity, cancer, and microbial infectious diseases.
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