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Background: Melissa officinalis L. (MO), commonly known as lemon balm, a member of the mint family, is considered a calming herb. In various traditional medicines, it has been utilized to reduce stress and anxiety and promote sleep. A growing body of clinical evidence suggests that MO leaf extract supplementation possesses considerable neuropharmacological properties. However, its possible mechanism of action largely remains unknown.
Objective: In the present in vitro studies, we comparatively investigated the central nervous system (CNS)-calming and antioxidative stress properties of an innovative standardized phospholipid carrier-based (Phytosome™) MO extract (Relissa™) vs. an unformulated dry MO extract.
Methods: The neuropharmacological effect of the extract was studied in the anti-depressant enzymes γ-aminobutyrate transaminase (GABA-T) and monoamine oxidase A (MAO-A) assays and SH-SY5Y cells brain-derived neurotrophic factor (BDNF) expression assay. The neuroprotective effect of the extract against oxidative stress was assessed in SH-SY5Y cell-based (H2O2-exposed) Total Antioxidant Status (TAS) and Total Reactive Oxygen Species (ROS) assays. The cytotoxic effect of the extract was evaluated using MTT and LDH assays. The extract antioxidant effect was also evaluated in cell-free chemical tests, including TEAC-ABTS, DPPH, Ferric Reducing Antioxidant Power (FRAP), Oxygen Radical Antioxidant Capacity (ORAC), and Hydroxyl Radical Antioxidant Capacity (HORAC) assays.
Results: Relissa™ exhibited high GABA-T inhibitory activity, IC50 (mg/mL) = 0.064 vs. unformulated dry MO extract, IC50 (mg/mL) = 0.27. Similar inhibitory effects were also observed for MAO-A. Relissa™ demonstrated an improved neuroprotective antioxidant effect on SH-SY5Y cells against H2O2-induced oxidative stress. Compared to unformulated dry MO extract, Relissa™ exerted high protective effect on H2O2-exposed SH-SY5Y cells, leading to higher cells BDNF expression levels. Moreover, cell-free chemical tests, including TEAC-ABTS, DPPH radical scavenging, FRAP, ORAC, and HORAC assays, validated the improved antioxidant effect of Relissa™ vs. unformulated dry MO extract.
Conclusion: The results of the present study support the neuromodulating and neuroprotective properties of Relissa™, and its supplementation may help in the amelioration of emotional distress and related conditions.
Keywords: Relissa™, Melissa officinalis L., calming agent, γ-aminobutyrate transaminase (GABA-T), γ-aminobutyrate (GABA), monoamine oxidase A (MAO-A), Phytosome™
1 INTRODUCTION
Prevalent emotional distress conditions such as depression, anxiety, and chronic stress, in conjunction with sleep disorders, represent widespread mental health challenges that significantly affect an individual’s overall wellbeing. Conventional antidepressant drugs such as tricyclic antidepressants (TCAs), monoamine oxidase inhibitors (MAOIs), and related antidepressants are associated with multiple side effects (Khawam et al., 2006), including discontinuation syndrome, sexual dysfunction, gastrointestinal effects (low tolerability), and low probabilities of remission (Rush, 2007). Similarly, conventional anxiolytic drugs such as selective serotonin reuptake inhibitors (SSRIs) have insufficient overall efficacy in short-term, while long-term treatments have shown adverse effects (Baldwin et al., 2011). Despite the extensive studies on psychiatric disorders, the etiology and pathogenesis of mental health disorders remain unknown. Thus, considering the limitations associated with conventional antidepressants and anxiolytic drugs, it is necessary to identify pharmacological interventions that are both safe and well-tolerated, while also demonstrating effectiveness in the management of emotional distress and associated conditions.
Over recent years, the supplementation of botanical-based pharmacological agents has garnered growing interest in scientists and physicians as potential tools for managing emotional distress and related conditions (Kenda et al., 2022a). Amongst the several botanicals that have been extensively studied for psychopharmacological effects, the leaf extract of Melissa officinalis L. (hereafter referred to as MO), commonly known as lemon balm mint, has emerged as a promising agent for calming the central nervous system (CNS), and improving the low mood status. Extensive preclinical and clinical studies have suggested a therapeutic effect of MO extract supplementation as an efficacious and safe therapy to alleviate emotional distress conditions such as low mood, anxiety, and stress and improve sleep disorders (Kennedy et al., 2002; Akhondzadeh et al., 2003; Kennedy et al., 2003; Kennedy et al., 2004; Kennedy et al., 2006; López et al., 2009; Cases et al., 2011; Alijaniha et al., 2015; Arceusz et al., 2015; Soltanpour et al., 2019; Noguchi-Shinohara et al., 2020). Reported evidence suggest that the active chemical constituents of MO extract possess diverse psycho- and neuropharmacological properties, including antidepressant (Awad et al., 2007; Awad et al., 2009; López et al., 2009; Sahin et al., 2016), antioxidative stress (Özkol et al., 2011; Martins et al., 2012; Ghazizadeh et al., 2020; Abd Allah et al., 2022; Abo-Zaid et al., 2023), and anti-inflammatory effects (Baldwin et al., 2011).
An inherent constraint associated with most botanical extracts is their limited solubility and, subsequently, low bioavailability, which often limits their application as a pharmacological agent. In the present work, we carried out a comparative in vitro analysis of an innovative standardized phospholipid carrier-based (Phytosome™) MO extract (Relissa™) vs. an unformulated dry MO extract (not mixed with a carrier system) to investigate its antidepressant and antioxidative stress properties. On the basis of previous positive experiences with other botanical extracts (Riva et al., 2019a; Riva et al., 2019b; Rondanelli et al., 2021; Pivari et al., 2022), the Phytosome™ delivery system was applied to the MO extract in order to obtain a stable, food-grade formulation, which can protect the extract constituents from oxidation and optimize the interactions with the microbiome. The Phytosome™ technique constitutes a solid dispersion of botanicals or natural compounds into a 100% food-grade matrix, based on sunflower lecithin (phospholipids) and amphipathic molecules, which acts as an inhibitor of self-aggregation and an effective wetting agent, that also permits a better cellular permeability. The Phytosome™ structure contains the active ingredients of the herbal extract bound to phospholipids. The phospholipid vehicle molecular structure constitutes a water-soluble head and two fat-soluble tails. The interaction between the phospholipid and the phytoconstituents is mainly due to the formation of weak bonds between the polar head of the phospholipid (i.e., phosphate and ammonium groups) and the polar functional groups of the phytoconstituents. Following to these interactions, this phospholipid composition (Phytosome™) can be described as a not-well organized, but as a stable solid dispersion of botanical ingredients in a phospholipidic matrix. The surfactant properties of the phospholipids provides a solid dispersion able to optimize the bioavailability of standardized botanical extracts and improved absorption in the intestinal tract in an intact manner. The unique physicochemical properties and carrier mechanism of the Phytosome™ carrier make it an effective system for the improved delivery of botanical constituents in cells for pharmacological properties (Suryawanshi, 2011; Gandhi et al., 2012). The Phytosome™ carrier system have been shown an efficient carrier system for several botanical agents, including quercetin (Riva et al., 2019b), berberine (Rondanelli et al., 2021), curcumin (Pivari et al., 2022), boswellic acids (Riva et al., 2019a), and other botanical extracts, and has demonstrated improved biological activity for many phytonutrients. Moreover, the Phytosome™ technique is also nanoparticle-free, without any additive or adjuvant, safe, and well-tolerated. The results of the present study strongly support the scientific evidence of the phospholipid carrier-based MO extract as a possible CNS-calming agent that may help in the management of emotional distress conditions such as low mood, anxiety, stress, and related conditions such as sleep disorders.
2 MATERIALS AND METHODS
2.1 Assays
All assays were performed in triplicates with three freshly prepared samples. Assays were carried out as per the reported protocol or using commercially available assay kits. All assays were performed with a positive control as per the assay kit protocol. The Phytosome™ carrier alone was utilized as a negative control. Unless otherwise mentioned, all chemicals used were purchased, and solutions were prepared in 50 mM aqueous phosphate-buffered saline (PBS).
2.2 Melissa officinalis L. extract
Assays were carried out with an innovative phospholipid (sunflower lecithin) (Phytosome™) carrier-based MO extract (Relissa™) (Bano et al., 2023) and an unformulated dry MO extract (not mixed with a carrier system), both supplied by Indena S.p.A. (Milan, Italy). Relissa™ is an innovative formulation of the MO extract mixed with the Phytosome™ carrier system, which has been standardized and contains 17%–23% hydroxycinnamic acid derivatives and analyzed for its rosmarinic acid content.
2.3 SH-SY5Y cell culture
SH-SY5Y neuroblastoma cells (CRL-2266) were purchased from the American Type Culture Collection (ATCC). DMEM/F-12 supplemented with 10% fetal bovine serum (FBS) and penicillin/streptomycin (100 U/100 µg/mL) was used as the cell culture media. The cells were incubated at 37°C in a humidified atmosphere with 5% CO2. The cells were passaged every 3–4th day of the week when they reached confluence. The cells were seeded at densities ranging from 104 to 106 cells, as appropriate for the specific assay (Lopez-Suarez et al., 2022).
2.4 Antidepressant enzyme inhibition assays
2.4.1 γ-Aminobutyrate transaminase inhibition assay
γ-Aminobutyrate transaminase (GABA-T) enzyme activity was measured using the reported in vitro GABase assay with some modifications (Jacoby, 1962). In this assay, the incubation solution (150 mM potassium pyrophosphate buffer, pH 8.0, and 228.5 mM α-ketoglutarate), 873.0 mM GABase (composed of GABA-T and succinic semialdehyde dehydrogenase (SSA-DH) (Sigma-Aldrich/Merck, United Kingdom) solution, and different concentrations of MO extract solution were added to the wells of a microtiter plate. The GABase solution (1.5–1.7 units/mg) was pipetted into each well. The microtiter plate was then shaken (500 U/min) for 2 min and pre-incubated for 30 min at 37°C. After pre-incubation, 26.1 mM nicotinamide adenine dinucleotide phosphate (NADP) disodium salt was pipetted into each well, and the microtiter plate was shaken for 30 s (500 U/min.). This was followed by the first absorbance measurement (starting value) at 340 nm using a microplate reader (Epoch 2, Agilent BioTek, United States). The microtiter plate was then incubated for 30 min at 37°C, and the absorbance was measured again. The observed change in absorbance due to the reduction in NADP disodium salt was used to calculate the percent GABA-T enzyme activity. To determine the IC50 value, the MO extract was tested at various concentrations in the range of 0.02–0.2 mg/mL. The unformulated MO dry extract was used in higher concentrations compared to Relissa™ to achieve 50% enzyme inhibition (0.04–0.4 mg/mL). The absorbance value of the control (water) was set to 100% activity, and activity of each concentration of MO extract was measured relative to the control. Clove (Syzygium aromaticum) extract (which has shown strong GABA-T inhibition compared to vigabatrin) was used as a positive GABA-T inhibitor control (Sahin, 2016). All chemicals and MO extract solutions were prepared in water.
2.4.2 Monoamine oxidase A inhibition assay
Monoamine oxidase A (MAO-A) inhibition assay was performed using the MAO-A Inhibitor Screening Assay Kit (Abcam, Cambridge, United Kingdom) (Supplementary Information S1) (He et al., 2023). Briefly, 10 µL MO extract solution and kit-positive control (clorgyline) solution were added to a 96-well plate. Then, 50 µL of MAO-A enzyme solution was added, and the mixture was incubated for 10 min at 25°C. After incubation, kit MAO-A substrate solution was added to the wells, and fluorescence (Ex/Em = 535/587) was measured (Varioskan LUX multimode microplate reader, Thermo Fisher Scientific, Massachusetts, United States) kinetically for 10 min. The percent relative enzyme activity was calculated according to the formula in the protocol.
2.5 SH-SY5Y cells Brain-derived neurotrophic factor expression level evaluation assay
SH-SY5Y cells Brain-derived neurotrophic factor (BDNF) expression levels assay was performed using an Elisa Kit (Abcam, Cambridge, United Kingdom) (Supplementary Information S2). In this assay, 1 × 106 SH-SY5Y cells were seeded into T25 culture flasks and incubated overnight for attachment. Cells were then co-treated with 150 µM H2O2 (to induce oxidative stress) (Law et al., 2014; Nieto et al., 2018; Morán-Santibañez et al., 2019; Deligoz and Cumaoglu, 2023) and appropriate concentrations of MO extract solution and incubated for 24 h. After the incubation period, the cell culture supernatant was prepared, and BDNF expression levels were evaluated (as per the kit protocol). Briefly, kit standards (positive control) and the cell culture supernatant were added onto a 96-well plate, 50 µL of antibody cocktail was added, and the mixture was incubated at room temperature for 1 h on a shaker with 400 rpm. Following incubation and the washing period, 100 µL of the kit TMB development reagent was added to each well, followed by the addition of 100 µL of the kit stop solution. Upon change in the assay mixture color from blue to yellow by the stop solution, the color intensity was measured at 450 nm (BioTek, Epoch, Vermont, United States) (Wauquier et al., 2022).
2.6 SH-SY5Y cells-based antioxidant activity assays
2.6.1 Total Aantioxidant Status activity assay
The Total Antioxidant Status (TAS) assay was performed using a Total Antioxidant Status Elisa Kit (Elabscience Technology Laboratory, United States) (Supplementary Information S3). Briefly, SH-SY5Y neuroblastoma cells (CRL-2266) were treated with varying concentrations of MO extract, and absorbance was measured at 660 nm using a microplate reader (BioTek, Epoch, Vermont, United States). The TAS levels were calculated relative to the absorbance curve of the kit standard solution (Erel, 2004).
2.6.2 Reactive Oxygen Species generation assay
Reactive Oxygen Species (ROS) assay was performed as previously reported (Kara et al., 2020). The total ROS production in SH-SY5Y cells was evaluated with H2DCF-DA dye using a flow cytometer. Briefly, 5 × 105 SH-SY5Y cells were seeded into a 6-well plate and incubated overnight for the attachment. Cells were then co-treated with 150 µM H2O2 (to induce oxidative stress) and MO extract solution. After 24 h of incubation, cells were washed with PBS and then incubated with 20 µM H2DCF-DA at 37°C for 30 min. After incubation, cells were detached and washed again with PBS. Following washing, cells were resuspended with 1% BSA in 150 µL PBS. The fluorescence intensity of 1 × 104 cells was measured using an ACEA NovoCyte flow cytometer (San Diego, California, United States), and the results were expressed as percent median fluorescence intensity (MFI%) (Kara et al., 2020).
2.7 Cytotoxicity assay
2.7.1 MTT assay
The metabolic activity of SH-SY5Y cells was evaluated using the MTT [3-(4,5-dimethylthiazol-2-yl)-2,5 diphenyl tetrazolium bromide] assay, as previously reported (Kara et al., 2022). Briefly, after 24 h of incubation for the attachment of cells, cells were treated with various concentrations of the MO extract solution and were incubated again for 24 h. The MTT solution (5 mg/mL) was then added to each well and further incubated for 3 h at 37°C, and absorbances were measured using a spectrophotometer (BioTek, Epoch, Vermont, United States) at 590 nm.
In another MTT assay, SH-SY5Y cells were co-treated with a mixture of 150 µM H2O2 (to induce oxidative stress) (Law et al., 2014; Nieto et al., 2018; Morán-Santibañez et al., 2019; Deligoz and Cumaoglu, 2023) and the protective effect of MO extract on SH-SY5Y cells viability against H2O2-induced oxidative stress was assessed (Kara et al., 2022).
2.7.2 Lactate dehydrogenase release assay
The assay was performed using a lactate dehydrogenase (LDH) cytotoxicity assay kit (Roche) (Supplementary Information S4). Briefly, SH-SY5Y cells were seeded onto a 96-well plate (1 × 104 cells/well) and grown for 24 h. Cells were then co-treated with a mixture of 150 µM H2O2 (to induce oxidative stress) and MO extract solution (Law et al., 2014; Nieto et al., 2018; Deligoz and Cumaoglu, 2023) and incubated for 24 h, and the LDH released due to membrane damage was evaluated according to the manufacturer’s protocol. 1% Triton X-100 was used as a positive control. Optical density was measured at 495 nm using a microplate reader. The percent LDH released was calculated using the equation of a linear regression curve (Sevim et al., 2020).
2.8 Cell-free system antioxidant activity assays
2.8.1 Trolox Equivalent Antioxidant Capacity-ABTS assay
The Trolox Equivalent Antioxidant Capacity (TEAC) assay was performed using a commercial kit (Cell Biolabs, San Diego, United States) (Supplementary Information S5). Briefly, 25 µL of the kit standard (Trolox) and MO extract solution were added to a 96-well plate, followed by the addition of 150 µL of [2,2′-azinobis (ethylbenzothiazoline 6-sulfonate)] (ABTS) to each MO extract sample and standard well. After 5 min of incubation, solution absorbance was measured at 405 nm using a plate reader spectrophotometer (BioTek, Epoch, Vermont, United States) (Romulo, 2020).
2.8.2 2,2-Diphenyl-1-picrylhydrazyl) radical scavenging/antioxidant activity assay
The 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging activity assay was carried out according to the reported modified method of Brand-Williams et al. (1995). Briefly, 10 μL MO extract solution was mixed with 240 μL of 0.1 mM DPPH radical working solution. The mixture was incubated in a dark room at room temperature for 30 min. The decrease in assay solution absorbance was measured at 517 nm against a methanol blank solution. Quercetin was used as a standard antioxidant (positive control), while the assay buffer solution was used as a negative control. DPPH radical scavenging activity (%) was calculated using the below equation (Brand-Williams et al., 1995; Hasbal et al., 2015):
DPPH radical scavenging activity (%) = 1- [(Absorbance of the extract at 517 nm)/(Absorbance of the control at 517 nm)] ×100.
2.8.3 Ferric Reducing Antioxidant Power assay
The assay was performed using a Ferric Reducing Antioxidant Power (FRAP) assay kit (BQC, Asturias, Spain) (Supplementary Information S6). Briefly, 10 µL of each Fe (II) standard and MO extract solution were added to a 96-well plate, followed by the addition of 220 µL of the reaction reagent to each of the extract and standard wells. After 5 min of incubation, assay solution absorbance was measured at 593 nm using a plate reader spectrophotometer (BioTek, Epoch, Vermont, United States).
2.8.4 Oxygen Radical Antioxidant Capacity assay
The assay was performed using an Oxygen Radical Antioxidant Capacity (ORAC) assay kit (BQC, Asturias, Spain) (Supplementary Information S7). Briefly, 15 µL of the kit standard and MO extract solution were added to a 96-well plate, followed by the addition of 90 µL of kit solution B reaction reagent to both the extract and standard wells. After 15 min of incubation at 37°C, 45 µL of kit solution C reaction reagent was added to the standards and extract sample wells. Assay solution absorbance was measured at Ext/Em 485 nm/528–538 nm using a fluorescent plate reader (FLx800, BioTek Instruments Inc., Winooski, VT, United States).
2.8.5 Hydroxyl Radical Antioxidant Capacity assay
The assay was performed using a Hydroxyl Radical Antioxidant Capacity (HORAC) assay kit (Zen-Bio, Durham, United States) (Supplementary Information S8). Briefly, 20 µL of the kit standard and MO extract solution were added to a 96-well plate and incubated for 10 min, followed by the addition of 140 µL of fluorescent working solution and then 20 µL of the kit radical initiator solution to the wells. Assay solution absorbance was measured using a fluorescent plate reader (FLx800, BioTek Instruments Inc., Winooski, VT, United States).
3 STATISTICAL ANALYSIS
Data were expressed as the mean ± standard deviation (SD). Statistical analyses were performed with one-way ANOVA and post hoc Dunnett’s t-test using SPSS v.20 (IBM SPSS Inc., New York, NY, United States). p-value <0.05 was considered as statistically significant difference. For MO extract GABase IC50 values with a 95% confidence interval (±95% CI), a linear regression was performed using OriginPro® (OriginPro® 2023b, OriginLab Corporation, Northampton, MA 01060, United States).
4 RESULTS
4.1 Antidepressant enzyme assays
4.1.1 GABA-T inhibitory activity assay
The Relissa™ extract was used at low-to-high concentrations of 0.02, 0.03, 0.05, 0.09, 0.12, and 0.15 mg/mL in the GABase assay to investigate its inhibitory effect on GABA metabolizing enzymes (Figure 1). The unformulated dry MO extract was used at higher concentrations (0.04–0.42 mg/mL) as compared to Relissa™ extract to achieve GABA-T inhibitory effect (Figure 1). Relissa™ demonstrated a strong GABA-T inhibitory effect with an IC50 value of 0.064 mg/mL, while the unformulated dry MO extract exhibited reduced potency (IC50 0.27 mg/mL). The linear regression plots of the effect of Relissa™ and the unformulated dry MO extract on GABase activity are presented in Supplementary Information S9. The Phytosome™ carrier alone did not exhibit any noticeable GABA-T inhibitory activity (Figure 1).
[image: Figure 1]FIGURE 1 | Melissa Officinalis L. (MO) extract GABA-T inhibition assay. Error bars represent standard deviation from the mean of three separate measurements.
4.1.2 MAO-A inhibition assay
The Relissa™ MAO-A inhibitory effect was statistically improved even at low concentrations as compared to unformulated dry MO extract (*p < 0.05) (Figure 2). However, the MAO-A inhibitory effect of unformulated dry MO extract increased in a concentration-dependent manner. The Phytosome™ carrier alone did not demonstrate any noticeable MAO-A inhibitory activity (p < 0.05).
[image: Figure 2]FIGURE 2 | Qualitative assay showing MO extract MAO-A inhibitory effect. Error bars represent standard deviation from the mean of three separate measurements. *p < 0.05, Relissa™ compared to unformulated dry MO extract; [image: FX 1]p < 0.05, Phytosome™ compared to Relissa™ and unformulated dry MO extract.
4.2 SH-SY5Y cells BDNF expression level evaluation assay
The SH-SY5Y cells BDNF expression levels decreased significantly upon exposure to H2O2 due to oxidative stress damage (Figure 3). In the presence of Relissa™, in a dose-dependent manner, through the protective effect of SH-SY5Y cells, BDNF expression levels increased significantly, while the unformulated dry MO extract, as well as the Phytosome™ carrier alone, did not lead to an increase in the SH-SY5Y cells BDNF expression levels (p < 0.05).
[image: Figure 3]FIGURE 3 | Treatment effect of MO extracts on SH-SY5Y cells (exposed to H2O2-induced oxidative stress) BDNF expression levels. [image: FX 1]p < 0.05, compared to SH-SY5Y cells/H2O2. Error bars represent standard deviation from the mean of three separate measurements.
4.3 SH-SY5Y cells-based antioxidant activity assays
4.3.1 TAS and total ROS generation assays
In SH-SY5Y cell-based TAS assay (Figure 4A), both Relissa™ and unformulated MO extract demonstrated a high protective effect on the cells against H2O2-induced oxidative stress (Law et al., 2014; Nieto et al., 2018; Morán-Santibañez et al., 2019; Deligoz and Cumaoglu, 2023) even at low concentrations tested under the assay conditions used. However, the protective effect of Relissa™ was significantly stronger than that of the unformulated dry MO extract (*p < 0.05). The Phytosome™ carrier alone did not exhibit any noticeable protective effect (p < 0.05).
[image: Figure 4]FIGURE 4 | Protective effect of the MO extract on SH-SY5Y cells exposed to H2O2-induced oxidative stress in the (A) TAS and (B) total ROS assays. TEAC, Trolox Equivalent Antioxidant Capacity; MFI, mean fluorescence intensity. *p < 0.05, Relissa™ compared to unformulated dry MO extract; [image: FX 1]p < 0.05, Phytosome™ carrier compared to Relissa™ and unformulated dry MO extract. Error bars represent standard deviation from the mean of three separate measurements.
Similarly, in the ROS production assay (Figure 4B), both the Relissa™ and unformulated dry MO extracts exhibited a strong and comparable protective effect on SH-SY5Y cells against H2O2-induced oxidative stress (Law et al., 2014; Nieto et al., 2018; Morán-Santibañez et al., 2019; Deligoz and Cumaoglu, 2023) and demonstrated an inhibitory effect on the generation of ROS. The Phytosome™ carrier alone did not show any noticeable protective effects (p < 0.05). It is worth to mention that all concentrations of Relissa™ utilized in the cell-based assays are devoid of any cytotoxic effect (see Section 4.4).
4.4 Cytotoxicity assays
4.4.1 MTT assay
In the SH-SY5Y cells viability MTT assay, both the Relissa™ and unformulated dry MO extracts, as well as the Phytosome™ carrier alone, showed no cytotoxic effects up to a concentration of 5,000 μg/mL, demonstrating the extract/carrier excellent safety and tolerability on SH-SY5Y cells (Supplementary Information S10).
In another MTT assay, H2O2 was used as an oxidative stress inducer. The addition of H2O2 resulted in a significant decrease (*p < 0.001) in SH-SY5Y cells viability (Figure 5) due to cellular oxidative damage. However, in a dose-dependent manner, the presence of Relissa™ and unformulated dry MO extracts exerted a significant protective effect (*p < 0.05) on SH-SY5Y cells and increased their viability. The protective effect of Relissa™ was improved compared to that observed for the unformulated dry MO extract (*p < 0.05). The Phytosome™ carrier alone did not exhibit any protective effect on SH-SY5Y cells viability against H2O2-induced oxidative damage.
[image: Figure 5]FIGURE 5 | Protective effect of MO extract on SH-SY5Y cells exposed to H2O2-induced oxidative stress, as shown in the MTT assay. *p < 0.05, compared to SH-SY5Y control cells; [image: FX 1]p < 0.05, compared to SH-SY5Y cells/H2O2. Error bars represent standard deviation from the mean of three separate measurements.
4.4.2 LDH assay
Like the MTT assay, similar results were observed in the LDH assay. In a dose-dependent manner, Relissa™ resulted in a significant increase in the viability of SH-SY5Y cells exposed to H2O2-induced oxidative stress compared to unformulated dry MO extract (*p < 0.05) (Figure 6). The Phytosome™ carrier alone did not reveal any protective effect on SH-SY5Y cells viability against the H2O2-induced oxidative damage.
[image: Figure 6]FIGURE 6 | Protective effect of MO extract on SH-SY5Y cells exposed to H2O2-induced oxidative stress in the LDH assay. *p < 0.05, compared to SH-SY5Y control cells; [image: FX 1]p < 0.05, compared to SH-SY5Y cells/H2O2. Error bars represent standard deviation from the mean of three separate measurements.
4.5 Cell-free system antioxidant activity assays
4.5.1 TEAC-ABTS, DPPH, and FRAP assays
In both the TEAC-ABTS (Figure 7A) and DPPH (Figure 7B) assays, with the extracts tested in low-to-higher concentrations under the assay conditions, Relissa™ solution exhibited a significantly strong antioxidant effect even at a low concentration, while the unformulated dry MO extract showed an increase in the antioxidant effect in a concentration-dependent manner. At all concentrations tested, the antioxidant effect of Relissa™ was significantly stronger than that of the unformulated dry MO extract in both the TEAC-ABTS and DPPH antioxidant activity assays (*p < 0.05).
[image: Figure 7]FIGURE 7 | Antioxidant effect of the MO extract as shown by cell-free system chemical tests (A) (TEAC)-ABTS, (B) DPPH, and (C) FRAP assays. *p < 0.05, Relissa™ compared to unformulated dry MO extract; [image: FX 1]p < 0.05, Phytosome™ carrier compared to Relissa™ and the unformulated dry MO extract. Error bars represent standard deviation from the mean of three separate measurements.
In the FRAP antioxidant activity test (Figure 7C), both the Relissa™ and unformulated dry MO extracts showed antioxidant effects in a dose-dependent manner. The antioxidant effect of Relissa™ was significantly stronger than that of the unformulated dry MO extract (*p < 0.05).
In all the three antioxidant activity tests (TEAC-ABTS, DPPH, and FRAP assays), the Phytosome™ carrier alone did not exhibit any noticeable antioxidant effect (p < 0.05).
4.5.2 ORAC and HORAC assays
In the ORAC antioxidant activity test (Figure 8A), even at low concentrations tested under the assay conditions, Relissa™ exhibited a stronger antioxidant effect than that of the unformulated MO extract (*p < 0.05). The antioxidant effect of unformulated MO extract increased in a dose-dependent manner but was significantly weaker than that of Relissa™ at all concentrations tested under the assay conditions.
[image: Figure 8]FIGURE 8 | Antioxidant effects of MO extracts as shown by the (A) ORAC and (B) HORAC assays. Error bars represent standard deviation from the mean of three separate measurements. *p < 0.05, Relissa™ compared to unformulated dry MO extract; [image: FX 1]p < 0.05, Phytosome™ carrier compared to Relissa™ and unformulated dry MO extract; GAE, gallic acid equivalent.
Similarly, in the HORAC antioxidant activity test (Figure 8B), Relissa™ exhibited a stronger antioxidant effect even at a low concentration than that of the unformulated dry MO extract (*p < 0.05). An increase in concentration of the unformulated dry MO extract did not lead to an increase in its antioxidant effect. In both the ORAC and HORAC assays, the Phytosome™ carrier alone did not exhibit any noticeable antioxidant effect (p < 0.05).
5 DISCUSSION
In this study, for the first time, the possible mechanism of the beneficial effects of an innovative standardized phospholipid carrier-based (Phytosome™) MO extract (Relissa™) compared to an unformulated dry MO extract on mood modulation and neuroprotective effects against oxidative stress was evaluated in in vitro assays. The results revealed that Relissa™ possesses a strong inhibitory activity against the GABA-T enzyme, while the unformulated dry MO extract poorly inhibits GABA-T. These results are in accordance with the findings first reported by Awad et al. (2007), who showed that both the MO aqueous and ethanolic extract had considerable GABA-T inhibitory activity with IC50 = 0.35 and 0.79 mg/mL, respectively. In a second study, the authors reported the GABA-T inhibitory activity of aqueous MO extract (yield 10.6%) IC50 (mg/mL) (95% CI) = 0.82, methanolic extract (yield 8.9%) IC50 = 0.55, and ethyl acetate extract (yield 2%) IC50 = 2.5520.
GABA is a fundamental neurotransmitter in the mammalian CNS and plays a pivotal role in the pathophysiology of anxious states. Low brain GABA levels lead to hyperactivity and have been implicated in mental health disorders, including anxiety, depression, epilepsy, Parkinson’s disease, Alzheimer’s disease, Huntington’s chorea, stiff-man syndrome, and various other motor neuron diseases (Pearl and Gibson, 2004). In recent years, the GABAergic transmission system has attracted increasing scientific interest as a therapeutic target for the treatment of anxiety. It has been suggested that the symptoms of anxiety can be controlled by increasing the GABA levels in the brain, which may be achieved by inhibiting GABA-T (Ashton and Young, 2003), the enzyme responsible for the catabolism of the GABA neurotransmitter. The inhibitory effect of GABA-T by Relissa™ supports its psychoneurological role as a CNS-calming agent, and its supplementation may help in the amelioration of symptoms of anxiety and associated conditions by upregulating the GABA brain levels via the inhibition of GABA-T.
The present study also revealed the potential inhibitory activity of MAO-A by Relissa™ compared to unformulated dry MO extract. These results are consistent with results reported by López et al. (2009). MAO-A is a crucial enzyme in the CNS, and it regulates levels of all three major monoamine neurotransmitters (serotonin, norepinephrine, and dopamine) in the brain (Shih et al., 1999; Naoi et al., 2018). The inhibition of MAO-A has been linked to the alleviation of depression symptoms (Rang and Dale, 2003). The results of MAO-A inhibition by Relissa™ further support the beneficial effects of Relissa™ as a calming agent that may help in the alleviation of low mood/stress conditions via upregulation of the monoamine neurotransmitters in the CNS by inhibiting the MAO-A enzyme.
The GABA-T and MAO-A inhibitory properties of Relissa™ are of particular interest for its applications in low-mood states and associated conditions such as sleep disorders, which are intricately interconnected with emotional distress, reflecting a bidirectional relationship that has been extensively documented in scientific literature (Philbrook and Macdonald-Gagnon, 2021; Yasugaki et al., 2023). A distinct mechanism supporting this connection is the disruption of circadian rhythms and the dysregulation of neurochemical processes that directly influence mood and emotion (Armitage, 2007; Palagini et al., 2022). Chronic sleep disorders can lead to impaired cognitive function, reduced resilience to stressors, and chronic fatigue, all of which contribute to mental health vulnerability (Vargas et al., 2015). Conversely, mental health distress can also perpetuate or exacerbate sleep disorders (Cipriani et al., 2021). Conditions such as anxiety and low-mood states are frequently noted to be accompanied by insomnia or hypersomnia, whereby emotions disrupt the quantity and quality of sleep (Lustberg and Reynolds, 2000). The resultant negative impact on sleep quality can further worsen the individual’s mental health, creating a self-reinforcing cycle. Given that Relissa™ possesses high GABA-T and MAO-A inhibitory activity, it is proposed that its supplementation may, therefore, also help in the improvement of sleep disorder conditions.
In this study, Relissa™ also increased the expression levels of BDNF in SH-SY5Y cells exposed to H2O2-induced oxidative stress. BDNF is one of the major neurotrophic factors that play key roles in the development and survival of neurons, development of neuronal processes, and synaptic plasticity. An aberrant level of BDNF expression is closely associated with the pathophysiology of numerous neurological disorders, including depression (neurotrophic hypothesis of depression) (Dwivedi, 2009; Castrén and Monteggia, 2021; Duman et al., 2021), Alzheimer’s disease, Parkinson’s disease, and Huntington’s disease (Murer et al., 2001; Lee et al., 2005; Peng et al., 2005). The results of the present study show that Relissa™ can possibly help in emotional distress conditions by upregulating the BDNF expression levels in the brain and improving neuronal plasticity.
The present study also evaluated the antioxidative stress activity of the MO extract in SH-SY5Y human neuroblastoma cells, commonly used as neuronal models, as well as in cell-free chemical tests. Overall, in both SH-SY5Y cell line (exposed to H2O2-induced oxidative stress) system-based TAS and ROS assays and in cell-free tests including TEAC-ABTS, DPPH, FRAP, ORAC, and HORAC assays, Relissa™ exhibited significant antioxidant effects compared to unformulated dry MO extract. These results support the favorable bioavailability and effectiveness of Relissa™ for its neuroprotective activity against oxidative stress damage. Moreover, the antioxidant effect of MO extracts evaluated in the present study is in agreement with previously reported studies (Dastmalchi et al., 2008; López et al., 2009; Özkol et al., 2011; Lin et al., 2012; Martins et al., 2012; Ghazizadeh et al., 2020; Abd Allah et al., 2022; Abo-Zaid et al., 2023).
The link between unbalanced oxidative stress and emotional distress is well-known. Oxidative stress mechanism has been implicated in the pathogenesis of various neurological disorders, such as depression (Correia et al., 2023), anxiety (Bouayed et al., 2009), stress, Parkinson’s disease, Alzheimer’s disease, Huntington’s disease, amyotrophic lateral sclerosis, schizophrenia (Yao et al., 2001), major depressive disorder (Bilici et al., 2001), and bipolar disorder (Ng et al., 2008; Pizzino et al., 2017). The brain is intrinsically vulnerable to oxidative stress due to its high O2 consumption, modest antioxidant defenses, and lipid-rich constitution (Halliwell, 2006; Ng et al., 2008). When the production of oxygen-derived metabolites surpasses the brain’s defense systems, oxidative damage can occur in the nucleic acids, proteins, and neuronal membrane lipids (Delattre et al., 2005; Halliwell, 2006; Valko et al., 2007). In the presence of oxidative stress, the lipid-rich constitution of brain favors lipid peroxidation, resulting in the decrease in membrane fluidity and damage to membrane proteins, inactivating receptors, enzymes, and ion channels (Delattre et al., 2005; Halliwell, 2006; Valko et al., 2007). As a result, oxidative stress can alter neurotransmission, neuronal function, and overall brain activity (LeBel and Bondy, 1991; Cardozo-Pelaez et al., 1999; Delattre et al., 2005). It is widely accepted that oxidative damage in the brain has potential to trigger processes such as inflammation, neurodegeneration, and neuronal death, causing an impairment of the nervous system (Correia et al., 2023). According to the results of the present study, Relissa™ possesses considerable biological potential to play a role in the neuronal antioxidant defense system and can, therefore, ameliorate symptoms of emotional distress and related conditions such as sleep disorder.
Finally, the present study also demonstrated that both Relissa™ and unformulated dry MO extract treatments at concentrations up to 5,000 μg/mL have no toxicity effect on SH-SY5Y cells viability in the MTT assay. In the MTT assay with SH-SY5Y cells exposed to H2O2-induced toxicity (oxidative stress), MO extract at a concentration of 2,500 μg/mL demonstrated a strong protective effect on SH-SY5Y cells against oxidative damage. This result was also demonstrated in the LDH release assay, which is in agreement with the previously reported study by López et al. (2009), and supports the neuroprotective effect of MO extracts against oxidative stress and toxicity.
It is noteworthy that the results of the present study suggest that the Phytosome™ carrier system allows an enhancing power of MO leaf extract phytonutrients, as suggested by other studies on botanical extracts (Riva et al., 2019a; Riva et al., 2019b; Rondanelli et al., 2021; Pivari et al., 2022; Bano et al., 2023). The application of the Phytosome™ carrier technology to the MO extract allowed it to confer more stability to oxidation and cellular accessibility compared to unformulated MO extract, with consequent benefits of improved biological activity. In terms of the chemical constituents, MO leaf extract contains a variety of compounds, primarily polyphenolics, flavonoids, and terpenes, with rosmarinic acid as the major constituent (Carnat et al., 1998; Žiaková et al., 2003; Dastmalchi et al., 2008; Awad et al., 2009; Popova et al., 2016). The anxiolytic and mood-calming effects of MO have been documented in numerous studies; however, the mechanism(s) of action are unclear, and only a few studies have investigated its potential role in the CNS. Awad et al. (2009) showed that MO extract GABA-T inhibitory activity is primarily due to rosmarinic acid and, to a smaller extent, due to other triterpenoids, such as ursolic acid and oleanolic acid. Numerous preclinical studies have revealed the efficacy of rosmarinic acid against several neuropsychiatric disorders, including anxiety, depression, and sleep disorders (Ghasemzadeh Rahbardar and Hosseinzadeh, 2020; Dahchour, 2022).
Based on the results of the revealed mechanisms of action investigated in the present study, Bano et al. (2023) carried out a perspective, double-blinded, placebo-controlled randomized clinical trial of Relissa™ supplementation in healthy adults with a moderate level of depression, anxiety, stress, and sleep disorders. The clinical outcomes confirmed a significant improvement in all the above-mentioned conditions of emotional distress in subjects who received the Relissa™ supplementation compared to those who received the placebo, supporting the beneficial effects of Relissa™ supplementation in low-mood states.
In conclusion, the results of the present study suggest that Relissa™ possesses considerable neuroprotective, mood improving, anxiolytic, antioxidant, and anti-inflammatory pharmacological properties. These effects potentially support the role of Relissa™ as a CNS-calming agent, and its supplementation can possibly help in the management of emotional distress conditions such as anxiety, stress, low-mood states, and related conditions such as sleep disorders.
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