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Abstract

:

Melissa officinalis (MO) is a medicinal plant well-known for its multiple pharmacological effects, including anti-inflammatory, anticancer and beneficial effects on skin recovery. In this context, the present study was aimed to investigate the in vitro and in vivo safety profile of an MO aqueous extract by assessing cell viability on normal (HaCaT—human keratinocytes) and tumor (A375—human melanoma) cells and its impact on physiological skin parameters by a non-invasive method. In addition, the antioxidant activity and the antiangiogenic potential of the extract were verified. A selective cytotoxic effect was noted in A375 cells, while no toxicity was noticed in healthy cells. The MO aqueous extract safety profile after topical application was investigated on SKH-1 mice, and an enhanced skin hydration and decreased erythema and transepidermal water loss levels were observed. The in ovo CAM assay, performed to investigate the potential modulating effect on the angiogenesis process and the blood vessels impact, indicated that at concentrations of 100 and 500 µg/mL, MO aqueous extract induced a reduction of thin capillaries. No signs of vascular toxicity were recorded at concentrations as high as 1000 μg/mL. The aqueous extract of MO leaves can be considered a promising candidate for skin disorders with impaired physiological skin parameters.
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1. Introduction


The medicinal aromatic plant Melissa officinalis L., known as lemon balm, common balm or sweet balm, has a long tradition in different regions around the world in various ethno-medical treatments as a sedative, for memory improvement, as an antiviral, antispasmodic and antibacterial substance and as a carminative [1,2,3,4,5,6,7].



Melissa officinalis L. is an aromatic and perennial herb, with honey-producing capacity, which belongs to the Lamiaceae family [8]. People frequently consume Melissa officinalis herbal tea to ensure a good digestion, to reduce gastrointestinal disorders, to avoid sleep disturbance and for its antispasmodic properties [9,10]. Furthermore, many research studies have shown that MO extract possesses promising antitumor potential in various human cancer cell lines [11,12,13,14,15,16]. Cancer, a highly aggressive and heterogenic disease, is considered one of the causes for the elevated mortality rates worldwide [17]. Although notable advances were made in the therapeutic management of cancer, new efficient treatments with minimal side effects are highly demanded. Natural products are the source of many Food and Drug Administration (FDA)-approved anticancer drugs, and they still represent a major alternative for research [18,19]. Cutaneous melanoma, one of the most common cancers among young adults, especially in young women, has an incidence rate steadily increasing globally [20,21]. Due to the high resistance developed by melanoma cells following the administration of cytotoxic agents used as treatment for metastatic melanoma [22], finding novel anticancer compounds that overcome these liabilities has become an urgent need. An intact skin barrier ensures a strong defense against different environmental, chemical, mechanical and microbial factors, whereas a dysfunctional one might be the starting point for various skin disorders [23]. To that end, the products for skin integrity maintenance that also exhibit potential antitumor activity might be considered promising alternatives for the therapy of skin pathologies. Thus, plant extracts rich in bioactive compounds are highly investigated in order to find alternatives to conventional chemical treatments. Different species of Lamiaceae family were assessed in this regard, due to their confirmed phytotherapeutic potential [24].



The complex chemical composition plant extracts, including: hydroxycinnamic acids (rosmarinic, p-coumaric, caffeic, chlorogenic and ferulic acids), triterpenes (ursolic and oleanolic acids), essential oils rich in terpenoids (citral, citronellal, geraniol, nerol, linalool, farnesyl acetate, humulene, β-caryophyllene and eremophilene), tannins and flavonoids (glycosides of luteolin, quercetin, apigenin and kaempferol) represented the main reason for the use of different types of extracts or pure volatile oils for the prevention and/or treatment of an increased number of illnesses [25,26,27,28,29,30,31]. The MO activity is related to the high concentration of phytocompounds that exert protective properties against oxidative stress, a key player in the aging process and the onset of degenerative diseases [32]. The complex chemical composition of MO was associated with beneficial effects in several skin disorders [33]. Ramanauskienė and co-workers have designed a pharmaceutical semisolid formulation with Melissa officinalis extract to investigate the protective effect of one of the main active phytocompounds (rosmarinic acid) on skin cells both in normal conditions and under oxidative stress. The results obtained showed that rosmarinic acid reduced the amount of intracellular ROS (reactive oxygen species) in a concentration-dependent manner in human keratinocytes and enhanced cell viability under oxidative stress conditions [34]. More than a decade ago, MO has been used as a folk remedy to treat eczema, insect bites, wounds and even for treating the pruritic skin disorder, using an MO oil-based formulation [35]. Zhou and co-workers were the first group of researchers who demonstrated the immunoregulatory potential of MO oil in alleviating atopic dermatitis via interfering with the Th2 / Th1 cell activation. The MO oil efficiency on atopic dermatitis-like immune alteration and skin lesions was evaluated using BALB/c mice. Following the study, the researchers could not specify which of the MO oil chemical compounds contributed to the alleviation of atopic dermatitis-like immunologic and skin alterations in mice [36]. In a study conducted by Ippoushi and co-workers [37], the methanolic extract of MO leaves showed the strongest in vitro inhibitory effect on hyaluronidase, which is known to be related to inflammation and involved in tumor cells migration.



The present investigation was undertaken to evaluate the efficacy and safety use of an aqueous extract of MO leaves and the possible alterations or improvements on female SKH-1 hairless mice skin. In order to complete these results, the study focused on the evaluation of an aqueous extract of MO leaves as a viability modulator in A375 human melanoma tumor cell lines and in a normal cell line, HaCaT, immortalized human keratinocytes. The physico-chemical profile of the aqueous MO leaves extract was also established. In addition, the antioxidant activity of the aqueous extract of MO leaves was assessed next to its antiangiogenic potential in ovo, a valuable approach to control tumor growth and invasiveness in cancer.




2. Results


2.1. Antioxidant Activity Assessment


The antioxidant activity (AOA) of ascorbic acid (employed as standard) compared to an aqueous extract of MO leaves in different concentrations (MO 5 mg/mL; 3 mg/mL; 1 mg/mL; 0.5 mg/mL and 0.1 mg/mL) are shown in Figure 1. The samples were analyzed in a time-dependent manner, in a continuous mode, for 20 min, in order to establish the time and the reaction speed for DPPH radical consumption by the antioxidants present in the aqueous extract of MO leaves. All five aqueous extracts of MO leaves showed an antioxidant activity above 30%.



At the end of the reaction, the highest concentration of aqueous extracts of MO leaves, 5 mg/mL, exhibited the highest AOA (49.11%) compared with the other concentrations tested, while the lowest values were recorded for the aqueous extract of MO leaves at 0.1 mg/mL (32.26%). In all tested samples, the compounds with antioxidant properties reacted with the DPPH radical throughout the recording time of the analysis, and it can be said that at the end of reaction, an equilibrium was reached only for the aqueous extracts of MO leaves at 5 mg/mL, 3 mg/mL and 0.5 mg/mL. In the case of the 1 mg/mL and 0.1 mg/mL aqueous extracts of MO leaves, the antioxidants contained in the samples react with the DPPH radical throughout the recording time of the analysis; however, at the end of the reaction, equilibrium was not reached. In this case, a longer analysis time would have been necessary. Figure 1 shows that 3 mg/mL and 0.5 mg/mL aqueous extracts of MO leaves had an identical kinetics reaction, indicating that both extracts reacted with the DPPH radical in the first 100 s; afterward, an increase was recorded in the absorbance of the two samples, more visible for the aqueous extract of MO leaves at 0.5 mg/mL. This can be explained by the fact that the solid MO leaves powder from the two samples may not have been completely dispersed in distilled water. In the case of the other tested concentrations, a decrease was recorded in the absorbance values throughout the analysis, which led to an increase in antioxidant activity. According to these results, the antioxidant activity of all tested samples was concentration-dependent, in compliance with the inhibition percentage (% inhibition) of ascorbic acid and of the tested concentrations of aqueous extracts of MO leaves. The EC50 values for ascorbic acid (EC50 = 4.07 × 10−4 ± 3.33 × 10−4 mg/mL) and for aqueous extract of MO leaves (EC50 = 4.3113 ± 1.30671 mg/mL) were also calculated, which indicate the effective concentration necessary to obtain 50% of DPPH degradation.




2.2. FTIR Spectra


Using a Fourier-transformed infrared (FT-IR) analysis, the identification of functional groups (Table 1) resulted from the aqueous extract of dried MO leaves. The analysis is based on the presence of peaks at different wavenumbers, in the region of IR radiation.



The FT-IR analysis recorded strong absorption bands at 3431, 2974, 1636, 1400 and 1076 cm−1. The first important band is located at 3431 cm−1, a strong, wide and well-defined band. This band can be attributed to the O-H stretching vibration (hydroxyl groups (H-bonded)) present in water or in flavones, contained in the aqueous extract of dried MO leaves. The band located at 2974 cm−1 can be assigned to the O-H stretching in acid functional groups. The strong band at 1636 cm−1 indicates that the C=C group is present in the alkenes, but it could also be assigned to the C=O stretching vibration of carbonyl functional groups or to amide functional groups. At 1400 cm−1 is the absorption band corresponding to –C-H bending functional group in alkane. The presence of a band between 1370 and 1250 cm−1 suggests the presence of the C-O stretching vibration in lactone or in flavones. At 1076 cm−1, the well-defined band could be attributed to the C-O vibration in ester functional groups and to the C-O stretching in secondary cyclic alcohols. The region between 650 and 910 cm−1 is specific for the out-of-plane bending vibration of ring =C-H bonds present in the aromatic compounds, which in this case could be specific for aromatic bicyclic monoterpenes.




2.3. LC-MS Assessment of the Aqueous Extract of Melissa officinalis Leaves


The aqueous extract of MO leaves was subjected to LC-MS analysis and screened for 18 polyphenols, which enabled the identification/quantification, consistent with their Rt and m/z values, of 7 polyphenolic phytocompounds: gentisic acid, p-coumaric acid, apigenin, chlorogenic acid, caffeic acid, rutin and ferulic acid expressed in ng/mg d.w. (Table 2). The elution of all components was achieved in about 40 min. Obtained results indicated that apigenin was the most abundant polyphenolic quantified compound (Table 2). Gentisic acid and p-coumaric acid were also identified, but they exhibited low concentrations, which fell below the limit of quantification.




2.4. MO Aqueous Extract Effect on Cells’ Viability Is Cell-Type Dependent


The effect of an aqueous extract of MO leaves was evaluated by means of Alamar Blue technique on a non-tumor, HaCaT, and on a tumor, A375 human melanoma cell lines. Five concentrations were tested: 20, 100, 250, 500 and 1000 μg/mL. The results obtained on HaCaT cells after 24 h stimulation indicate that an aqueous extract of MO leaves led to a significant increase in cell proliferation, and even at the highest dose tested (1000 µg/mL), no toxicity was observed (Figure 2).



The response of A375 human melanoma cells to an aqueous extract of MO leaves after 24 h of stimulation consisted of a decrease of tumor cells’ viability (approximately 64% vs. control) that was observed only at the highest tested concentration, 1000 μg/mL, while the other tested concentrations did not reduce the cells’ viability (Figure 3). Based on the data obtained, it can be stated that an aqueous extract of MO leaves exerted a cytotoxic effect at the highest dose used in A375 cells and proved to be safe when tested on the healthy cells, i.e., HaCaT keratinocytes.




2.5. Tumor Cells Morphology


A375 melanoma cells morphology was evaluated at 24 h post stimulation with aqueous extracts of MO leaves extracts (20 µg/mL–1000 µg/mL). The images indicate that at low concentrations, the confluence was not affected being similar to the control group, but at the highest dose tested (1000 µg/mL), treatment with the aqueous extract of MO leaves induced significant morphological changes. Some of the tumor cells became round and started to detach. The cells stimulated with the solvent (distilled water) were adherent to the culture plate and did not display changes in their morphological aspect. These results are in accordance with the data obtained in the cell viability assay.




2.6. Chorioallantoic Membrane Assay


The aqueous extract of MO leaves was tested on the chorioallantoic membrane in order to evaluate the potential implications in the process of angiogenesis (Figure 4). The application of the samples started on the 7th embryonic day of development, considering that between 7–11 EDD is the period when the endothelial cells are highly mitotic, and testing in this interval is indicative for a potential effect on the inhibition of the angiogenesis process. Multiple concentrations were evaluated and a dose-related effect on the inhibition of the blood vessel was observed, compared to solvent control, which did not influence normal angiogenesis.



After 24 h of contact with the samples, inside the application ring, up to a concentration of 50 µg/mL, there were no modifications regarding the normal angiogenic process. The higher concentrations showed an increasing effect on the formation of new capillaries, Melissa officinalis extracts in concentration of 100 and 500 µg/mL, leading to a lower number of thin capillaries, lacking numerous interconnecting points. The highest concentration 1000 µg/mL induced the most visible reduction of blood vessels inside the application ring. No signs of toxicity upon the blood vessel functionality were noted during the experimental process.




2.7. Skin Biophysical Parameters Assessment


In order to evaluate the safety profile of the aqueous extract of MO leaves as treatment for different skin homeostatic parameters changes, an in vivo experiment was performed using female SKH-1 hairless mice skin as a common model for this aim. Our data indicated that an aqueous extract of MO leaves at a dose of 5 mg/mL elicited significant changes in the main murine skin parameters, reported as positive aspects: an increase of the transepidermal water loss was found in the case of the mice used as control and those treated with the solvent (distilled water) (Figure 5A), while decreased values of this parameter were recorded in the group of mice treated with an aqueous extract of MO leaves.



Figure 5B presents the main skin parameter, which can be used to predict the safety of the aqueous extract based on MO leaves: the erythema level. As described for the previous parameter, relevant differences between the group treated with an aqueous extract of MO leaves and the other groups were also observed in terms of erythema. The erythema index presented a noticeable decrease due to the active ingredients contained in the aqueous extract based on MO leaves that seem to have a beneficial potential to heal skin injuries.



Melanin is a natural pigment that is involved in the skin and hair coloring mechanisms; its evolution in every mice group is depicted in Figure 5C. A significant difference between the mice treated with an aqueous extract of MO leaves and the other mice was observed. In the case of SKH-1 mouse, this parameter is correlated with skin erythema.



An evolution of skin hydration following application of the aqueous extract of MO leaves was also verified in mice (Figure 5D). The increased values of mice skin hydration recorded after each treatment applied represent a confirmation of the beneficial potential of MO aqueous extract obtained from leaves, as skin moisture is a mark of healthy skin.





3. Discussion


The present study was conducted to evaluate the phytochemical and biological profile of an aqueous extract of MO leaves by assessing the antioxidant activity correlated with other relevant bioactivities: the in vitro cytotoxicity, the impact on the angiogenesis process in ovo and on physiological skin parameters in vivo. There are some important factors which determine the antioxidant activity of plants, for example the type and the part of the plant (leaves, stems, flower or seeds), the habitat and the location, the climatic conditions or soil characteristics. Other important factors refer to the solvent used in the extraction process (water, alcohol, organic mixtures, etc.), the extraction method and the extraction time [38]. Moreover, the harvesting period of plant material could change the extract’s quality. Regarding the solvent used for extraction, water is also used as an extracting agent due to the simplicity of the experimental protocol and its unique properties as a solvent, which can be changed by temperature and pH.



The antioxidant activity of the aqueous extract of MO leaves was monitored using the DPPH radical inhibition method. It was shown that all tested concentrations possessed antioxidant activity in a concentration-dependent manner. According to previous studies, a low polar extraction media of lemon balm leaves confers good antioxidant and antitumoral activities [39,40,41]. In this study, we demonstrated that even a strong polar extract of MO leaves exhibited good antioxidant properties. Kwon et al. [42] demonstrated that the aqueous extract of MO exhibited better antioxidant properties when compared with the ethanolic one. The authors achieved a DPPH radical inhibition activity of 67.6% for the aqueous MO extract, even if the total phenolic content was lower as compared to the ethanolic extract investigated. Our data are comparable to those obtained by Kwon and co-workers (49.11% vs. 67.6%) with minor differences that might result from the extract preparation protocol. In the present study, the ratio between the MO dried powder and distilled water was 1 g:100 mL, whereas in the study conducted by Kwon and co-workers, the ratio was 5 g:100 mL.



In the present study, the antioxidant activity was also expressed as EC50 value, yielding an EC50 = 4.3113 mg/mL for the aqueous extract based on MO leaves. Our data are comparable to the data present in the literature, showing a slightly higher antioxidant potential. For instance, Kamdem and co-workers showed that Melissa officinalis ethanolic extract has the ability to scavenge the DPPH radical directly proportional to the concentration leading to an IC50 of 48.76 ± 1.94 μg/mL [43]. In the present study, the aqueous extract of MO leaves exhibited a higher value of AOA as compared to the AOA of MO leaves ethanolic extracts obtained by other researchers. Mohamadi et al. [44] showed that the antioxidant properties of a methanolic extract from Melissa officinalis on the stability of soybean oil indicated a value of 0.043 mg/mL necessary to degrade 50% of DPPH radical. Pereira and co-workers studied the antioxidant potential of aqueous, ethanolic and methanolic extracts obtained from aerial parts of sweet balm. The study concluded that all type of extracts present important radical scavenging potential [45]. The main remark is that the antioxidant potential of different plant extracts makes them proper and safe candidates as anticancer agents, since they have the ability to scavenge free radicals, and consequently, protect cells from their hazardous effects [46].



The results of the present study provided by the FT-IR spectroscopy analysis were interpreted in accordance with the Characteristic IR Absorption Frequencies of Organic Functional Groups (Characteristic of IR Absorption Frequencies of Organic Functional Groups). The results regarding the functional groups from aqueous extract of the dried MO leaves are in agreement with data from the literature [47,48,49,50,51,52,53,54]. The FT-IR analysis performed in the present study demonstrated that all the bands were assigned to a vibrational mode and the active compounds identified were assigned to a specific wavenumber value (Table 1). The most important band, located at 3431 cm−1, assigned to the O-H stretching vibration (hydroxyl groups (H-bonded)), could be attributed either to water trace from the aqueous extract of MO leaves or to flavones such as apigenin or rutin. The O-H stretching assigned to acid functional groups recorded at 2974 cm−1 could be attributed to gentisic acid, caffeic acid or ferulic acid. The C=C and C=O groups recorded at 1636 cm−1 could be attributed to hydroxycinnamic acids (p-coumaric acid), chlorogenic acid, ferulic acid or rutin. The -C-H group recorded at 1269 cm−1 and the C-O group recorded at 1076 cm−1 could be attributed to flavones like apigenin, rutin or even to chlorogenic acid, since it is the ester of caffeic acid, due to the fact that flavonoids/flavones contain ester-like functional groups in their structure.



Due to the fact that globally, there is a growing need to know precisely the identity and the content of each compound in the plant material, an LC-MS analysis of polyphenols was performed. Phenols are highly effective antioxidants contained in plants represented by a great variety of biological active compounds. In accordance with the FT-IR analysis, the biological active compounds contained in an aqueous extract of MO leaves were: flavonoids (apigenin, rutin), hydroxycinnamic acids (p-coumaric acid, caffeic acid, chlorogenic acid and ferulic acid) and dihydroxybenzoic acids (gentisic acid) (Table 2). Gentisic acid and p-coumaric acid were below the limit of quantification. Various research studies and herbal drug quality monographs report the identification of several polyphenols from aqueous extract of MO, including rosmarinic acid [55,56,57,58]. The absence of rosmarinic acid in the present study may be due to a variety of reasons ranging from climate and geography to differences regarding the extraction strategies and solvents. Rutin, the second major identified compounds in this study, has already been reported to be present in the aqueous extract of MO, but in a lower amount [59]. Regarding the presence of chlorogenic, caffeic and ferulic acid in aqueous extract of MO leaves, other researchers have found larger quantities than those reported in this study [58,59]. A study conducted by Lin et al. [60] reported that the ethanolic extract of freeze-dried MO leaves had a higher phenolic acids content than the ethanolic extract of hot air-dried MO leaves. These authors also found that gentisic acid and apigenin were not detected and that p-coumaric acid content was detected only as 0.32 mg/g of dried extract. Instead, in the present study, apigenin content was 38.72 ng/mg d.w. in the aqueous MO leaves extract.



Another analysis that was conducted in the present study consists of the cell viability assessment of the aqueous extract of MO leaves in healthy HaCaT keratinocytes and in A375 human melanoma cells. The data obtained indicated that the aqueous extract elicited a significant increase in keratinocytes proliferation. At the highest dose tested (1000 µg/mL), HaCaT cells viability was not affected by the MO extract treatment. In a previous study, Moacă et al. [14] showed that an ethanolic extract of Melissa officinalis leaves reduced HaCaT cells’ viability at 24 h post-stimulation at the highest concentrations tested, 500 and 1000 µg/mL. Based on the results obtained, it can be stated that the aqueous extract of MO leaves is less cytotoxic than the ethanolic one on the human keratinocytes and could be considered a good candidate for in vivo evaluation. Regarding the effect on the melanoma cells, the aqueous extract of MO leaves exerted a significant reduction of cells’ viability percentage only at the highest tested dose. At low concentrations, at 100 and 500 µg/mL, the aqueous extracts of MO leaves increase A375 tumor cells viability. This effect can be due to a possible hormetic effect that produced a stimulation at low doses and an inhibition at high doses. Numerous research papers have documented a hormetic response in various fields, including carcinogenesis and toxicology [61]. Other types of extracts (methanolic, ethanolic) proved to possess higher cytotoxic effects on various tumor cell lines [14,62,63], but also affected the healthy cell lines. This is the case of an MO ethanolic extract tested on MDA-MB-231 breast adenocarcinoma cells for 24 h in the same concentrations as the ones chosen in this study [14]. The ethanolic extract induced a dose-dependent cytotoxic effect in breast cancer cells, but a cytotoxic effect was also visible in the case of healthy HaCaT keratinocytes. Based on our cell viability results, it could be stated that the aqueous extract of MO leaves exerts a cell type-dependent cytotoxicity oriented towards A375 human melanoma cells, whereas HaCaT cells viability was not affected.



Lemon balm aqueous extracts were reported to elicit antitumor effect in various cancer cell lines, namely breast adenocarcinoma [12], colon cancer [64], prostate cancer [65] and others. The existent scientific data do not offer sufficient information regarding the effect of aqueous lemon balm extracts on melanoma.



In order to assess the potential antiangiogenic effect of the aqueous extract of MO leaves, we used the chick embryo chorioallantoic membrane (CAM) assay, an in vivo method with several advantages, such as as low cost, time, simplicity and reproducibility [66]. The CAM assay is a promising alternative method, designed both to reduce the number of animals used as well as to obtain preliminary data for in vivo animal models. This method is an internationally validated method proposed by the Interagency Coordinating Committee on the Validation of Alternative Methods [67]. The results regarding the antiangiogenic potential showed a dose-related effect on the inhibition of the blood vessel formation. At 50 μg/mL, no modification was observed regarding the angiogenic process, even after one day of contact. By increasing the concentration of the aqueous extract (1000 μg/mL), a visible reduction of blood vessels inside the application ring was observed. No signs of toxicity were signaled on the CAM highly vascularized mucosal tissues, confirming the in vitro results on normal HaCaT cells at the highest tested concentration (1000 μg/mL).



Melissa officinalis extracts were previously reported for a potential antiangiogenic effect. Studies were conducted to explore the relation between angiogenesis process and obesity. In vitro assays on HUVEC cells and in vivo experiments on mice confirmed a reduction of angiogenesis and blood vessel density both in aqueous and ethanolic extracts from lemon balm leaves, thus being responsible for the modulation of adipogenesis and showing no signs of cytotoxicity [68,69]. Our results indicate that higher concentrations of the aqueous extract from MO leaves reduce the high angiogenic process of the chorioallantoic membrane, therefore representing interesting candidates for the limitation of tumor growth and invasion.



To complete the safety profile of an aqueous extract of MO leaves, its impact on different physiological skin parameters was also assessed by non-invasive methods using SKH-1 hairless mice.



The non-invasive procedures revealed small changes of the measured parameters in the case of control group, but these changes are an important clue to establish the sensitivity of mice skin. Mouse skin presents several differences in thickness and in the number of cells but not the layers of cells in dermis and epidermis as compared to human skin [70]. Still, mouse skin is considered a relevant model for the evaluation of compounds that act on skin by the means of non-invasive measurements [71]. The in vivo results obtained in this study indicate the benefits of aqueous MO leaves extract at skin level characterized by reduced values of erythema and enhanced values of skin moisture (both parameters are significantly modified compared to the other groups). The anti-inflammatory activity of lemon balm was also mentioned in the literature [34]. Ramanauskiene and co-workers designed gels with lemon balm extract and investigated the effect of rosmarinic acid on skin cells in normal conditions and under oxidative stress. The authors demonstrated in HaCaT cells that in oxidative stress conditions, rosmarinic acid released from gels with lemon balm extract, reduced intracellular ROS amounts, increased cell viability and protected cells from the damage caused by H2O2 [34]. The function of these antioxidants (ROS involvement) and how they improved skin quality was also the main observation in the present work.



It is worth to mention the slight increase of the melanin level observed to the group of mice treated with the aqueous extract based on MO leaves. These data are correlated to erythema values. The main pigments that influenced these parameters are hemoglobin, bilirubin and mostly melanin. Erythema is associated with some skin pathological aspects, including skin injury, inflammation or in some cases infection [71]. The aqueous extract protects and hydrates the mice skin. Similar results have been obtained by a Japanese research group, who have studied the anti-inflammatory effects of a lemon balm oil on BALB/c mice with induced atopic dermatitis on the dorsal skin [36]. Atopic dermatitis is also correlated with skin thickness and an increase of TEWL values. The present work presented an important elevation of skin hydration and an improvement in the skin integrity barrier following extract application.



Elevated TEWL values indicated skin abnormalities. Skin hydration indicated epidermal function. A high content and non-high variable data represent proper epidermal function. The hydration level is generally an indicator of proper epidermal function. It can be determined non-invasively by using a Corneometer. Hydrolipid film is an indicator for healthy skin [71].




4. Experimental Section


4.1. Materials


4.1.1. Chemical/Reagents


Chemical compounds were purchased from the following sources: ethanol 96% (v/v) and distilled water from Chemical Company SA (Iasi, Romania); 2,2-diphenyl-1-picrylhydrazyl (DPPH) (Batch No: # STBF5255V) from Sigma–Aldrich (Steinheim, Germany) and the ascorbic acid from Lach-Ner Company (Prague, Czech Republic). In order to perform LC-MS experiments, methanol (99.9% purity) and acetic acid (99.9% purity) were purchased from Merck (Darmstadt, Germany). Standard poly-phenolic compounds, rosmarinic acid, caftaric acid, gentisic acid, chlorogenic acid, caffeic acid, p-coumaric acid, ferulic acid and sinapic acid, hyperoside, isoquer-citrin, rutin, myricetin, fisetin, quercitrin, quercetol, luteolin, kaempferol and apig-enin, were purchased from Sigma–Aldrich (Steinheim, Germany). Ultrapure deionized water was provided by the MiliQ system, Milli-Q® Integral Water Purification System (Merckmilipore, Darmstadt, Germany).




4.1.2. Cell Lines and Culture Media


The tumorigenic cell line—A375 skin achromic human melanoma cells—was obtained from American Type Culture Collection (ATCC®, cat no. CRL-1619™) (LGC Standards GmbH, Wesel, Germany) and the normal cell line, immortalized human keratinocytes—HaCaT—was received as a gift from the University of Debrecen. The culture media and reagents specific for cell culture were: Dulbecco’s modified Eagle Medium (DMEM), high glucose, trypsin/EDTA solution, phosphate saline buffer (PBS), penicillin/streptomycin solution, fetal bovine serum (FBS), Trypan blue and Alamar blue solutions, supplied by Sigma-Aldrich (Munich, Germany) and Thermo Fisher Scientific (Inc., Waltham, MA, USA).



The cells were cultured in DMEM supplemented with 10% fetal calf serum (FCS). To avoid culture contamination, an antibiotic mixture (penicillin and streptomycin 100 U/mL) was also added. During the experiment, the cells were maintained in the incubator in a humified atmosphere at 37 °C and 5% CO2.




4.1.3. Plant Material


Melissa officinalis leaves were collected from the Botanical garden of “Victor Babes,” University of Medicine and Pharmacy Timisoara (Romania, 45°47′58″N latitude 21°17′38″E longitude). The material used in the study was identified and certified by Prof. Dr. Diana S. Antal, from the Pharmaceutical Botany Department, Faculty of Pharmacy, “Victor Babes” University of Medicine and Pharmacy Timisoara and received the reference number: 125/20016. A specimen sample was kept at the herbarium of the mentioned department, in a temperature-controlled place (22–25 °C and 30–40% relative humidity). The harvested leaves were air dried at room temperature (25 °C) and stored in proper conditions (in dark flasks at laboratory temperature and normal atmosphere).





4.2. Animals


In order to evaluate the effect of an aqueous extract of MO leaves on skin, an in vivo experiment was performed using nine female SKH-1 hairless mice, 11–12 weeks old (weight = 20 ± 2 g), purchased from Charles River Laboratory (Budapest, Hungary). The mice were kept in specific cages under the following controlled conditions: temperature 24 ± 1 °C, humidity above 55% and a 12-h light/dark cycle (7:00 a.m. to 7:00 p.m.), in accordance with the Guide for the Care and Use of Laboratory Animals (1996, published by National Academy Press). Food was available ad libitum and water was provided and could be freely accessed, as recommended by the European Directive 2010/63/EU and the national law 43/2014. There was a one-week adaptation period, after which the mice were divided into three groups (three mice/group): group 1: control group (no intervention), group 2: mice treated with the solvent (distilled water) and group 3: mice treated with the aqueous extract of MO leaves. The in vivo experiment was performed according to the following protocol: the aqueous extract of MO leaves (5 mg/mL) was topically applied (40 μL) on their dorsal skin every two days. The same procedure was applied to the group treated with the solvent, distilled water (40 µL). The experiment has been approved by the Bioethical Committee of “Victor Babes,” University of Medicine and Pharmacy Timisoara (protocol code no. 2/10.02.2020), and respected the international regulations.




4.3. Methods


4.3.1. Preparation of an Aqueous Extract of MO Leaves


The aqueous extract of Melissa officinalis leaves was obtained according to the Skooti et al. protocol, slightly modified [54]. Briefly, 1 g of dried and crushed lemon balm leaves was mixed with 100 mL distilled water, and the mixture was kept in an incubator with an orbital stirrer (ES20/60 Biosan, Riga, Latvia) for 48 h at 25 °C and 250 rot/min. After the incubation time, the mixture was sonicated for 1 h at 50% amplitude (750 W, Q Sonica Sonicators, Newtown, CT, USA). The sonication step was followed by filtration of the aqueous extract, using Whatman membrane filters nylon 0.45 μm, 30 mm (Sigma–Aldrich; Merck KGaA, Darmstadt, Germany) and dried at 40 °C in an oven (POL-EKO Aparatura, Wodzisław Śląski, Poland) until a solid powder was obtained. The concentrations tested, consisting of the aqueous extract of MO leaves, were obtained by dissolving the solid extract powder in distilled water. The schematic protocol is depicted in Figure 6.




4.3.2. Physicochemical Characterization of an Aqueous Extract of MO Leaves


Antioxidant Activity Assay


The antioxidant activity (AOA) assay of aqueous extracts of MO leaves was determined by the DPPH (2,2-diphenyl-1-picrylhydrazyl) technique, which was developed and detailed in a previous study conducted by our group [14]. An ethanolic solution of 1 mM of DPPH was prepared and kept in a dark place, at 4 °C, until use. The absorbances values of the reaction mixtures were measured at a wavelength of 517 nm using an UviLine 9400 Spectrophotometer from SI Analytics (Mainz, Germany), until an equilibrium was obtained. The analysis was carried out in triplicate and the results were compared with the results obtained for ascorbic acid in ethanol solution (0.4 mg/mL), used as etalon.



The inhibition percent (%AOA) was calculated with the following formula:


  % A O A =      A  c o n t r o l   −  A  e x t r a c t      A  c o n t r o l       × 100  



(1)




where AOA: antioxidant activity of the analyzed aqueous extracts of MO leaves (%); Acontrol: the absorbance of the mixture, without extract (distilled water and DPPH radical of 1 mM); Aextract: the absorbance of the mixture, with extract (aqueous extract of MO leaves + DPPH radical of 1 mM);



The antioxidant activity of the aqueous extracts of MO leaves was expressed as EC50 value, which is calculated by non-linear regression, using Origin 2020b software. EC50 represents the concentration of the antioxidant compounds contained in the extract, required to degrade the DPPH radical by 50%.




FTIR investigation of MO solid powder leaves extract


In order to identify the functional groups of the main active compounds which are present in solid powder of the leaf extract, the Fourier-Transformed Infrared Spectroscopy was employed. The infrared spectrum was recorded in the range 400–4000 cm−1, with a resolution of 4 cm−1, with a Shimadzu Prestige-21 spectrometer (Duisburg, Germany). The KBr pellet method was applied. Depending on the appearance of a peak at a certain wavenumber, it was possible to establish the chemical fingerprint for the functional groups contained by the MO leaf aqueous powder.




Identification of phenolic compounds by liquid chromatography-mass spectrometry (LC-MS)


LC-MS experiments were conducted on a 6120 LC-MS analytical system from Ag-ilent (Santa Clara, CA, USA), consisting of 1260 Infinity HPLC (G1322A degasser, G1311B cuaternary pump, G1316A column thermostat, G1365C MWD detector, G7129A au-tosampler Quadrupolar (Q) mass spectrometer, electrospray ionization source (ESI)). LC-MS is connected to a PC computer running the OpenLAB CDS ChemStation Work-station software. The sample solutions were homogenized with a WisdVM-10 vortex mixer (WitegLabortechnik, Germany) and centrifuged for 2 min at 10000 rpm in a ThermoMicro CL17 microcentrifuge (Thermo Fisher Scientific, MA, USA). The supernatant was collected and submitted to LC-MS analysis. All polyphenols were separated on a reverse phase Zorbax Eclipse Plus C18 column (3.0 × 100 mm × 3.5 microns) by gradient elution with a mobile phase consisting of a mixture of 0.1% acetic acid and methanol as follows: 5% methanol up to 5 min, 42% methanol for 38 min, the same proportion up to 41 min and 5% methanol for 1 min as described before [16]. The LC-MS parameters were the following: injection volume, 10 µl; flow rate, 1 mL/min; column temperature, 40 °C; UV detection at 330 and 370 nm; MS detection by electrospray ionization (ESI) in the single ion monitoring mode (SIM); capillary voltage, 3500 V; dry gas flow, 12 L/min at 350 °C; nebulizer pressure, 55 psig; fragmentor 70. Mass spectra were recorded in the negative ion mode. For the quantification of polyphenolic compounds, calibration curves by the external standard method for each compound were conducted. The m/z scale of the mass spectrum was calibrated by use of an external calibration standard ESI Tuning Mix from Agilent (Santa Clara, CA, USA).





4.3.3. Cell Viability Assessment by Alamar Blue Assay


To verify the impact of aqueous extracts of MO leaves on the cells’ viability, the following protocol was applied: i) a number of 1 × 104 cells (HaCaT/A375)/well/200 µL culture media was seeded in 96-well plates and left over night to adhere to the plate; ii) the cells were stimulated for 24 h with five different concentrations of the aqueous extract of MO leaves (20, 100, 250, 500 and 1000 µg/mL) solubilized in distilled water; iii) after the stimulation period, 24 h, the cells were incubated with the Alamar Blue reagent for 3 h; and iv) the absorbance was measured spectrophotometrically (570 and 600 nm) using a microplate reader (xMark™ Microplate Absorbance Spectrophotometer, Biorad, CA, USA). The percentages of viable cells were calculated according to a previous published formula [72,73].




4.3.4. Chorioallantoic Membrane Assay


The antiangiogenic potential of the aqueous extract of MO leaves was evaluated by using the chick embryo chorioallantoic membrane (CAM) assay. The protocol was applied as previously described [74] with some modifications [66,75]. After a thorough cleaning with 70% ethanol of fertilized hen eggs (Gallus gallus domesticus), they were incubated at 37 °C, under controlled humidity (50%). On the third day of incubation (also called embryonic day of development, EDD), a small opening was made at one end of the eggs and 3–4 mL of albumen was aspired, thus facilitating the separation of the chorioallantoic membrane. On EDD 4, a window was cut on the upper side of the egg for ease of the experimental procedures. The aqueous extracts of MO leaves in several concentrations (10, 50, 100, 500 and 1000 µg/mL) in distilled water were applied onto the CAM inside previously positioned plastic rings (3 mm in diameter). As a blank sample, the same solvent as for the dilution of the extract was considered. A volume of 10 µL of each solution was applied and stereomicroscopic (Discovery 8 Stereomicroscope, Zeiss, Götingen, Germany) evaluation was assessed. Significant images were registered using the Axio CAM 105 color (Axio Vision SE64. Rel. 4.9.1 Software, Zeiss digital camera (Götingen, Germany)) processed by Zeiss ZEN software, ImageJ (ImageJ Version 1.50e, https://imagej.nih.gov/ij/index.html) and GIMP software (GIMP v 2.8, https://www.gimp.org/). Six groups of samples were tested: (1) distilled water, as positive control, and (2) five concentrations of MO extract (10, 50, 100, 500 and 1000 µg/mL). For each sample, five eggs were used, and all samples were tested in triplicate.




4.3.5. Skin Biophysical Parameters Assessment


In order to evaluate the skin biophysical parameters, all the measurements were carried out on female SKH-1 hairless mice skin, using a Multiprobe Adapter System (MPA5) from Courage-Khazaka (Koln, Germany). The measurements of melanin and erythema levels were obtained using the professional Mexameter® MX 18 probe, while the transepidermal water loss (TWL) and skin hydration were measured using the world-wide popular probes Tewameter® TM 300 and Corneometer® CM 825, respectively, according to a detailed description of the protocol presented in the literature [76]. All the evaluations were performed in triplicate for 30 min by the same operator. The aqueous extract of MO leaves was applied twice a day for two weeks on the mice dorsal skin; there were differences (Δ skin biophysical parameters) between an instant measure and an initial one for every mouse. These different skin biophysical parameters were expressed as mean values and range intervals and they were considered to compare intra- and inter-groups differences.




4.3.6. Statistical Analysis


The statistical programs and software applied in the present study were GraphPad Prism 6 and Origin 2020b (Origin Lab—Data analysis and Graphing Software, Szeged, Ungary). The results were expressed as mean ± standard deviation. For Alamar blue assay, one-way ANOVA analysis was applied to determine the statistical differences, followed by Tukey’s post-test (**** p < 0.0001), and for the skin parameters evaluation, a two-way ANOVA analysis was used, followed by a Bonferroni post-test (* p < 0.05; ** p < 0.001; *** p < 0.001).






5. Conclusions


The present study reports knowledge about the aqueous extract of Melissa officinalis leaves in terms of chemical composition, antioxidant capacity (DPPH) and several biological effects noticed in vitro on human melanoma cells, in ovo on angiogenesis and in vivo at skin level. The in vitro observations indicated a selective cytotoxic potential of the aqueous extract of MO leaves on A375 cells only at the highest concentration tested 1000 μg/mL and no toxic behavior on HaCaT normal cells. The in ovo test pointed out the promising antiangiogenic effects of the aqueous extract of MO leaves by reducing the angiogenic process even at lower concentrations, with no signs of toxicity, thus indicating that MO leaves represent a natural, easily available source for antitumor and antimetastatic agents. The reduction of transepidermal water loss (TWL) and erythema values together with an augmentation of skin hydration make the Melissa officinalis aqueous extract a promising candidate that could be used in specific topical formulations for skin disorders characterized by an impairment of these biophysical skin parameters.







Author Contributions


Conceptualization, S.S. and E.-A.M.; methodology, E.-A.M., I.Z.P., Ş.A., D.C., R.-M.R., R.G., R.D.P. and F.B.; software, E.-A.M., I.Z.P., D.C., Ş.A. and F.B.; validation, O.M.C., C.M.Ş., Z.C. and C.A.D.; investigation, E.-A.M., I.Z.P., Ş.A., D.C., R.-M.R., R.G., R.D.P. and F.B.; resources, Ş.A. and O.M.C.; data curation, E.-A.M., I.Z.P., Ş.A., D.C. and F.B.; writing—original draft preparation, S.S., E.-A.M., I.Z.P., Ş.A. and F.B.; writing—review and editing, D.C., O.M.C., C.M.Ş., Z.C. and C.A.D.; visualization, O.M.C., C.M.Ş., Z.C. and C.A.D.; supervision, O.M.C., C.M.Ş., Z.C. and C.A.D.; project administration, Ş.A. and O.M.C.; funding acquisition, Ş.A. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the internal grant III-C5- PCFI-2017/2018–04 ROINEXTRAMAM from “Victor Babes,” University of Medicine and Pharmacy, Timisoara, Romania, gained by Stefana Avram.




Institutional Review Board Statement


The study was conducted according to the guidelines of the European Directive 2010/63/EU and the national law 43/2014 in accordance with the Guide for the Care and Use of Laboratory Animals (1996, published by National Academy Press), and approved by the Institutional Review Board of Bioethical Committee of “Victor Babes” University of Medicine and Pharmacy Timisoara (protocol code no. 2/10.02.2020).




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


The in vitro and in vivo experiments were conducted within the Research Center for Physico-Chemical and Toxicological Analysis of the “Victor Babes” University of Medicine and Pharmacy Timisoara. The authors are grateful to the Department of Botanic, Faculty of Pharmacy, and particularly to Professor Diana Antal for analyzing the plant and issuing the voucher.




Conflicts of Interest


The authors declare no conflict of interest.




Sample Availability


Samples of the compounds are not available from authors.




References


	



Mahboubi, M. Melissa officinalis and rosmarinic acid in management of memory functions and Alzheimer disease. Asian Pac. J. Trop Biomed. 2019, 9, 47–52. [Google Scholar] [CrossRef]

	



Lee, J.; Jung, E.; Koh, J.; Kim, Y.S.; Park, D. Effect of rosmarinic acid on atopic dermatitis. J. Dermatol. 2008, 35, 768–771. [Google Scholar] [CrossRef]

	



Hamaguci, T.; Ono, K.; Murase, A.; Yamada, M. Phenolic compounds prevent Alzheimer’s pathology through different effects on the amyloid-beta aggregation pathway. Am. J. Pathol. 2009, 175, 2557–2565. [Google Scholar] [CrossRef] [PubMed]

	



Ghayour, N.; Behnam Rasouli, M.; Afsharian, M.; Tehranipour, M.; Ghayour, M.B. The protective effects of Melissa officinalis leaves usage on learning disorder induced by lead acetate administration during pre and postnatal periods in rats. Arak. Med. Univ. J. 2010, 13, 97–104. Available online: https://www.sid.ir/en/journal/ViewPaper.aspx?ID=175683 (accessed on 24 November 2020).

	



Martins, E.N.; Pessano, N.T.C.; Leal, L.; Roos, D.H.; Folmer, V.; Puntel, G.O.; Rocha, J.B.T.; Aschner, M.; Avila, D.S.; Puntel, R.L. Protective effect of Melissa officinalis aqueous extract against Mn-induced oxidative stress in chronically exposed mice. Brain Res. Bull. 2012, 87, 74–79. [Google Scholar] [CrossRef]

	



Shakeri, A.; Sahebkar, A.; Javadi, B. Melissa officinalis L. - A review of its traditional uses, phytochemistry and pharmacology. J. Ethnopharmacol. 2016, 188, 204–228. [Google Scholar] [CrossRef] [PubMed]

	



Lin, S.H.; Chou, M.L.; Chen, W.C.; Lai, Y.S.; Lu, K.H.; Hao, C.W.; Sheen, L.Y. A medicinal herb, Melissa officinalis L. ameliorates depressive-like behavior of rats in the forced swimming test via regulating the serotonergic neurotransmitter. J. Ethnopharmacol. 2015, 175, 266–272. [Google Scholar] [CrossRef]

	



Kato-Noguchi, H. Assessment of allelopathic potential of shoot powder of lemon balm. Sci. Hortic. 2003, 97, 419–423. [Google Scholar] [CrossRef]

	



Haybar, H.; Javid, A.Z.; Haghighizadeh, M.H.; Valizadeh, E.; Mohaghegh, S.M.; Mohammadzadeh, A. The effects of Melissa officinalis supplementation on depression, anxiety, stress, and sleep disorder in patients with chronic stable angina. Clin. Nutr Espen 2018, 26, 47–52. [Google Scholar] [CrossRef]

	



Aubert, P.; Guinobert, I.; Blondeau, C.; Bardot, V.; Ripoche, I.; Chalard, P.; Neunlist, M. Basal and Spasmolytic Effects of a Hydroethanolic Leaf Extract of Melissa officinalis L. on Intestinal Motility: An Ex Vivo Study. J. Med. Food 2019, 22, 653–662. [Google Scholar] [CrossRef]

	



Encalada, M.A.; Hoyos, K.M.; Rehecho, S.; Berasategi, I.; García-Íñiguez de Ciriano, M.; Ansorena, D.; Astiasarán, I.; Navarro-Blasco, I.; Cavero, R.Y.; Calvo, M.I. Anti-proliferative effect of Melissa officinalis on human colon cancer cell line. Plant. Foods Hum. Nutr. 2011, 66, 328–334. [Google Scholar] [CrossRef]

	



Saraydin, S.U.; Tuncer, E.; Tepe, B.; Karadayi, S.; Özer, H.; Sen, M.; Karadayi, K.; Inan, D.; Elagöz, S.; Polat, Z.; et al. Antitumoral effects of Melissa officinalis on breast cancer in vitro and in vivo. Asian Pac. J. Cancer Prev. 2012, 13, 2765–2770. [Google Scholar] [CrossRef]

	



Weidner, C.; Rousseau, M.; Plauth, A.; Wowro, S.J.; Fischer, C.; Abdel-Aziz, H.; Sauer, S. Melissa officinalis extract induces apoptosis and inhibits proliferation in colon cancer cells through formation of reactive oxygen species. Phytomedicine 2015, 22, 262–270. [Google Scholar] [CrossRef]

	



Moacă, E.A.; Farcaș, C.; Ghițu, A.; Coricovac, D.; Popovici, R.; Cărăba-Meiță, N.L.; Ardelean, F.; Antal, D.S.; Dehelean, C.; Avram, S. A Comparative Study of Melissa officinalis Leaves and Stems Ethanolic Extracts in terms of Antioxidant, Cytotoxic, and Antiproliferative Potential. BMC Complement. Altern. Med. 2018, 2018, 7860456. [Google Scholar]

	



Mouhid, L.; Gómez de Cedrón, M.; Vargas, T.; García-Carrascosa, E.; Herranz, N.; García-Risco, M.; Reglero, G.; Fornari, T.; Ramírez de Molina, A. Identification of antitumoral agents against human pancreatic cancer cells from Asteraceae and Lamiaceae plant extracts. BMC Complement. Altern Med. 2018, 18, 254. [Google Scholar] [CrossRef] [PubMed]

	



Ghiulai, R.; Avram, S.; Stoian, D.; Pavel, I.Z.; Coricovac, D.; Oprean, C.; Vlase, L.; Farcas, C.; Mioc, M.; Minda, D.; et al. Lemon Balm Extracts Prevent Breast Cancer Progression In Vitro and In Ovo on Chorioallantoic Membrane Assay. BMC Complement. Altern Med. 2020, 6489159. [Google Scholar] [CrossRef] [PubMed]

	



Dutta, S.; Mahalanobish, S.; Saha, S.; Ghosh, S.; Sil, P.C. Natural products: An upcoming therapeutic approach to cancer. Food Chem Toxicol 2019, 128, 240–255. [Google Scholar] [CrossRef]

	



Agbarya, A.; Ruimi, N.; Epelbaum, R.; Ben-Arye, E.; Mahajna, J. Natural products as potential cancer therapy enhancers: A preclinical update. Sage Open Med. 2014, 2, 205031211454692. [Google Scholar] [CrossRef]

	



Newman, D.J.; Cragg, G.M. Natural Products as Sources of New Drugs from 1981 to 2014. J. Nat. Prod. 2016, 79, 629–661. [Google Scholar] [CrossRef]

	



Weir, H.K.; Marrett, L.D.; Cokkinides, V.; Barnholtz-Sloan, J.; Patel, P.; Tai, E.; Jemal, A.; Li, J.; Kim, J.; Ekwueme, D.U. Melanoma in adolescents and young adults (ages 15-39 years): United States, 1999-2006. J. Am. Acad. Derm. 2011, 65 (Suppl. S1), S38–S49. [Google Scholar] [CrossRef]

	



American Cancer Society. Key Statistics for Melanoma Skin Cancer. Available online: www.cancer.org/cancer/melanoma-skin-cancer/about/key-statitics.html (accessed on 21 November 2020).

	



Brighton, H.E.; Angus, S.P.; Bo, T.; Roques, J.; Tagliatela, A.C.; Darr, D.B.; Karagoz, K.; Sciaky, N.; Gatza, M.L.; Sharpless, N.E.; et al. New mechanisms of resistance to MEK inhibitors in melanoma revealed by intravital imaging. Cancer Res. 2018, 78, 542–557. [Google Scholar] [CrossRef]

	



Yang, G.; Seok, J.K.; Kang, H.C.; Cho, Y.Y.; Lee, H.S.; Lee, J.Y. Skin Barrier Abnormalities and Immune Dysfunction in Atopic Dermatitis. Int. J. Mol. Sci. 2020, 21, 2867. [Google Scholar] [CrossRef] [PubMed]

	



Cattaneo, L.; Cicconi, R.; Mignogna, G.; Giorgi, A.; Mattei, M.; Graziani, G.; Ferracane, R.; Grosso, A.; Aducci, P.; Schininà, M.E.; et al. Anti-proliferative effect of Rosmarinus officinalis L. extract on human melanoma A375 cells. PLoS ONE 2015, 10, e0132439. [Google Scholar] [CrossRef]

	



Dastmalchi, K.; Dorman, H.T.D.; Oinonen, P.P.; Darwis, Y.; Laakso, I.; Hiltunen, R. Chemical composition and in vitro antioxidative activity of a lemon balm (Melissa officinalis L.) extract. LWT – Food Sci. Technol 2008, 41, 391–400. [Google Scholar] [CrossRef]

	



Moradkhani, H.; Sargsyan, E.; Bibak, H.; Naseri, B.; Sadat-Hosseini, M.; Fayazi-Barjin, A.; Meftahizade, H. Melissa officinalis L., a valuable medicine plant: A review. J. Med. Plants Res. 2010, 4, 2753–2759. [Google Scholar]

	



Atanassova, M.; Georgieva, S.; Ivancheva, K. Total phenolic and total flavonoid contents, antioxidant capacity and biological contaminants in medicinal herbs. J. Univ. Chem. Tech. Met. 2011, 46, 81–88. [Google Scholar]

	



Peng, C.C.; Hsieh, C.L.; Wang, H.E.; Chung, J.Y.; Chen, K.C.; Peng, R.Y. Ferulic acid is nephrodamaging while gallic acid is renal protective in long term treatment of chronic kidney disease. Clin. Nutr. 2012, 31, 405–414. [Google Scholar] [CrossRef]

	



Anwar, J.; Spanevello, R.M.; Thomé, G.; Stefanello, N.; Schmatz, R.; Gutierres, J.; Vieira, J.; Baldissarelli, J.; Carvalho, F.B.; da Rosa, M.M. Effects of caffeic acid on behavioral parameters and on the activity of acetylcholinesterase in different tissues from adult rats. Pharm. Biochem. Behav. 2012, 103, 386–394. [Google Scholar] [CrossRef]

	



Sun, L.; Guo, Y.; Fu, C.; Li, J.; Li, Z. Simultaneous separation and purification of total polyphenols, chlorogenic acid and phlorizin from thinned young apples. Food Chem. 2013, 136, 1022–1029. [Google Scholar] [CrossRef]

	



Zarei, A.; Changizi-Ashtiyani, S.; Taheri, S.; Hosseini, N. A brief overview of the effects of Melissa officinalis L. extract on the function of various body organs. Zahedan J. Res. Med Sci. 2015, 15, 29–34. [Google Scholar] [CrossRef]

	



Elmastaş, M.; Gülçin, S.; Beydemir, S.; Küfreviolu, O.I.; Aboul-Enein, H.Y. A study on the in vitro antioxidant activity of juniper (Juniperus communis L.) seeds extracts. Anal. Lett. 2006, 39, 47–65. [Google Scholar] [CrossRef]

	



Duke, J.A. Handbook of medicinal herbs; CRC Press: Boca Raton, FL, USA, 2002. [Google Scholar]

	



Ramanauskienė, K.; Stelmakiene, A.; Majienė, D. Assessment of Lemon Balm (Melissa officinalis L.) Hydrogels: Quality and Bioactivity in Skin Cells. Evid. -Based Complementary Altern. Med. 2015, 2015, 635975. [Google Scholar] [CrossRef] [PubMed]

	



Leighton Harry, J.; Frangakis Crist, J. Methods and compositions for treating inflammation of skin. U.S. Patent US20130059019A1, 7 March 2013. [Google Scholar]

	



Zhou, J.R.; Fujiwara, E.; Nakamura, Y.; Nakasima, M.N.; Yokomizo, K. Effects of Lemon Balm essential oil application on atopic dermatitis-like immune alterations in mice. Int. J. Phytomedicine 2015, 7, 46–54. [Google Scholar]

	



Ippoushi, K.; Yamaguchi, Y.; Itou, H.; Azuma, K.; Higashio, H. Evaluation of inhibitory effects of vegetables and herbs on hyaluronidase and identification of rosmarinic acid as a hyaluronidase inhibitor in lemon balm (Melissa officinalis L.). Food Sci. Technol. Res. 2000, 6, 74–77. [Google Scholar] [CrossRef]

	



Mihaylova, D.; Popova, A.; Alexieva, I. The effect of extraction time on the antioxidant activity of fresh Bulgarian Melissa officinalis L. J. Biosci. Biotechnol. 2015, 115–118. [Google Scholar]

	



DeSousa, A.C.; Alviano, D.S.; Blank, A.F.; Alves, P.B.; Alviano, C.S.; Gattass, C.R. Melissa officinalis L. essential oil: Antitumoral and antioxidant activities. J. Pharm. Pharmacol. 2004, 56, 677–681. [Google Scholar] [CrossRef] [PubMed]

	



Marongiu, B.; Porcedda, S.; Piras, A.; Rosa, A.; Deiana, M.; Dessi, M.A. Antioxidant activity of supercritical extract of Melissa officinalis Subsp. Officinalis and Melissa officinalis Subsp. Inodora. Phyrotherapy Res. 2004, 18, 789–792. [Google Scholar] [CrossRef]

	



Mimica-Dukic, N.; Bozin, B.; Sokovic, M.; Simin, N. Antimicrobial and antioxidant activities of Melissa officinalis L. (Lamiacease) essential oil. J. Agric. Food Chem. 2004, 52, 2485–2489. [Google Scholar] [CrossRef] [PubMed]

	



Kwon, Y.I.; Vattem, D.A.; Shetty, K. Evaluation of clonal herbs of Lamiaceae species for management of diabetes and hypertension. Asia Pac. J. Clin. Nutr. 2006, 15, 107–118. [Google Scholar] [PubMed]

	



Kamdem, J.P.; Adeniran, A.; Boligon, A.A.; Athyade, M.L. Antioxidant activity, genotoxicity and cytotoxicity evaluation of lemon balm (Melissa officinalis L.) ethanolic extract: Its potential role in neuroprotection. Industrial Crops Products 2013, 51, 26–34. [Google Scholar] [CrossRef]

	



Mohamadi, S.; Kiarostami, K.; Nazem Bokaii, Z. The study of antioxidant property of metanolic extracts of Melissa officinalis L. and Salvia officinalis L. on stability of soybean oil. J. Agroaliment Proc. Technol 2014, 20, 293–297. [Google Scholar]

	



Pereira, R.P.; Fachinetto, R.; Prestes, A.S.; Puntel, R.L.; da Silva, G.N.S.; Heinzmann, B.M.; Boschetti, T.K.; Athayde, M.L.; Burger, M.E.; Morel, A.F.; et al. Antioxidant effects of different extracts from Melissa officinalis, Matricaria recutita and Cymbopogon citratus. Neurochem Res. 2009, 34, 973–983. [Google Scholar] [CrossRef]

	



Shaikh, R.; Pund, M.; Dawane, A.; Ilyas, S. Evaluation of Anticancer, Antioxidant, and Possible Anti-inflammatory Properties of Selected Medicinal Plants Used in Indian Traditional Medication. J. Tradit Complement. Med. 2014, 4, 253–257. [Google Scholar] [CrossRef]

	



Szymczycha-Madeja, A.; Welna, M.; Zyrnicki, W. Multi-element analysis, bioavailability and fractionation of herbal tea products. J. Braz. Chem. Soc. 2013, 24, 777–787. [Google Scholar] [CrossRef]

	



Mohani, N.; Ahmad, M.; Mehjabeen Jahan, N. Evaluation of phytoconstituents of three plants Acorus calamus linn. Artemisia absinthium Linn and Bergenia himalaica boriss by FTIR spectroscopic analysis. Pak. J. Pharm. Sci. 2014, 27, 2251–2255. [Google Scholar] [PubMed]

	



Heredia-Guerrero, J.A.; Benítez, J.J.; Domínguez, E.; Bayer, I.S.; Cingolani, R.; Athanassiou, A.; Heredia, A. Infrared and Raman spectroscopic features of plant cuticles: A review. Front. Plant. Sci. 2014, 5, 1–14. [Google Scholar] [CrossRef]

	



Pirtarighat, S.; Ghannadnia, M.; Baghshahi, S. Antimicrobial effects of green synthesized silver nanoparticles using Melissa officinalis grown under in vitro condition. Nanomed. J. 2017, 4, 184–190. [Google Scholar]

	



Singh, K.S.; Majik, M.S.; Tilvi, S. Vibrational spectroscopy for structural characterization of bioactive compounds. Anal. Mar. Samples Search Bioact. Compd. 2014, 65, 115–148. [Google Scholar]

	



Dos Santos Grasel, F.; Ferrão, M.F.; Wolf, C.R. Development of methodology for identification the nature of the polyphenolic extracts by FTIR associated with multivariate analysis. SAA 2016, 153, 94–101. [Google Scholar]

	



Dzimitrowicz, A.; Jamroz, P.; diCenzo, G.C.; Sergiel, I.; Kozlecki, T.; Pohl, P. Preparation and characterization of gold nanoparticles prepared with aqueous extracts of Lamiaceae plants and the effect of follow-up treatment with atmospheric pressure glow microdischarge. Arabian Journal of Chemistry. Arab. J. Chem. 2019, 12, 4118–4130. [Google Scholar] [CrossRef]

	



Skotti, E.; Kountouri, S.; Bouchagier, P.; Tsitsigiannis, D.I.; Polissiou, M.; Tarantilis, P.A. FTIR spectroscopic evaluation of changes in the cellular biochemical composition of the phytopathogenic fungus Alternaria alternata induced by extracts of some Greek medicinal and aromatic plants. Spectrochim. Acta Part. A: Mol. Biomol. Spectrosc. 2014, 127, 463–472. [Google Scholar] [CrossRef] [PubMed]

	



Ersoy, S.; Orhan, I.; Turan, N.N.; Sahan, G.; Ark, M.; Tosun, F. Endothelium-dependent induction of vasorelaxation by Melissa officinalis L. ssp. officinalis in rat isolated thoracic aorta. Phytomedicine. 2008, 15, 1087–1092. [Google Scholar] [CrossRef] [PubMed]

	



Barros, L.; Dueñas, M.; Dias, M.I.; Sousa, M.J.; Santos-Buelga, C.; Ferreira, I.C.F.R. Phenolic profiles of cultivated, in vitro cultured and commercial samples of Melissa officinalis L. infusions. Food Chem. 2013, 136, 1–8. [Google Scholar] [CrossRef] [PubMed]

	



Binello, A.; Cravotto, G.; Boffa, L.; Stevanato, L.; Bellumori, M.; Innocenti, M.; Mulinacci, N. Efficient and selective green extraction of polyphenols from lemon balm. Comptes Rendus Chim. 2017, 20, 921–926. [Google Scholar] [CrossRef]

	



Skotti, E.P.; Sotiropoulou, N.S.D.; Lappa, I.K.; Kaiafa, M.; Tsitsigiannis, D.I.; Tarantilis, P.A. Screening of lemon balm extracts for anti-aflatoxigenic, antioxidant and other biological activities. Preprints 2019, 2019070005. [Google Scholar] [CrossRef]

	



Pereira, R.P.; Boligon, A.A.; Appel, A.S.; Fachinetto, R.; Ceron, C.S.; Tanus-Santos, J.E.; Rocha, J.B.T. Chemical composition, antioxidant and anticholinesterase activity of Melissa officinalis. Ind. Crop. Prod. 2014, 53, 34–45. [Google Scholar] [CrossRef]

	



Lin, J.T.; Chen, Y.C.; Lee, Y.C.; Rolis Hou, C.W.; Chen, F.L.; Yang, D.J. Antioxidant, anti-proliferative and cyclooxygenase-2 inhibitory activities of ethanolic extracts from lemon balm (Melissa officinalis L.) leaves. Lwt Food Sci. Technol. 2012, 49, 1–7. [Google Scholar] [CrossRef]

	



Ray, S.D.; Farris, F.F.; Hartmann, A.C. Hormesis. In Encyclopedia of Toxicology, 3rd ed.; Wexler, P., Ray, S.D., Eds.; Academic Press, Inc.; Elsevier Inc.: Cambridge, MA, USA; Amsterdam, The Netherlands, 2014; Volume 2, pp. 944–948. [Google Scholar] [CrossRef]

	



Cocan, I.; Alexa, E.; Danciu, C.; Radulov, I.; Galuscan, A.; Obistioiu, D.; Morvay, A.A.; Sumalan, R.M.; Poiana, M.A.; Pop, G.; et al. Phytochemical screening and biological activity of lamiaceae family plant extracts. Exp. Ther Med. 2018, 15, 1863–1870. [Google Scholar] [CrossRef]

	



Magalhães, D.B.; Castro, I.; Lopes-Rodrigues, V.; Pereira, J.M.; Barros, L.; Ferreira, I.C.F.R.; Xavier, C.P.R.; Vasconcelos, M.H. Melissa officinalis L. ethanolic extract inhibits the growth of a lung cancer cell line by interfering with the cell cycle and inducing apoptosis. Food Funct. 2018, 9, 3134–3142. [Google Scholar] [CrossRef]

	



Kuo, T.T.; Chang, H.Y.; Chen, T.Y.; Liu, B.C.; Chen, H.Y.; Hsiung, Y.C.; Hsia, S.M.; Chang, C.J.; Huang, T.C. Melissa officinalis Extract Induces Apoptosis and Inhibits Migration in Human Colorectal Cancer Cells. Acs Omega 2020, 5, 31792–31800. [Google Scholar] [CrossRef]

	



Salehi, B.; Tsouh Fokou, P.V.; Tchokouaha Yamthe, L.R.; Tchatat Tali, B.; Oluwaseun Adetunji, C.; Rahavian, A.; Mudau, F.N.; Martorell, M.; Setzer, W.N.; Rodrigues, C.F.; et al. Phytochemicals in Prostate Cancer: From Bioactive Molecules to Upcoming Therapeutic Agents. Nutrients 2019, 11, 1483. [Google Scholar] [CrossRef]

	



Avram, S.; Ghiulai, R.; Pavel, I.Z.; Mioc, M.; Babuta, R.; Voicu, M.; Coricovac, D.; Danciu, C.; Dehelean, C.; Soica, C. Phytocompounds Targeting Cancer Angiogenesis Using the Chorioallantoic Membrane Assay. In Natural Products and Cancer Drug Discovery; Badria, F.A., Ed.; InTech Open: London, UK, 2017; pp. 45–66. [Google Scholar]

	



Canadian Council on Animal Care. Available online: www.iivs.org/pages/methods/CAMVA.summary.sheet.pdf (accessed on 3 January 2021).

	



Kim, J.; Lee, H.; Lim, J.; Oh, J.; Shin, S.S.; Yoon, M. The angiogenesis inhibitor ALS-L1023 from lemon-balm leaves attenuates high-fat diet-induced nonalcoholic fatty liver disease through regulating the visceral adipose-tissue function. Int J. Mol. Sci. 2017, 18, 846. [Google Scholar] [CrossRef]

	



Yoon, M.; Kim, M.Y. The anti-angiogenic herbal composition Ob-X from Morus alba, Melissa officinalis and Artemisia capillaries regulates obesity in genetically obese ob/ob mice. Pharm. Biol. 2011, 49, 614–619. [Google Scholar] [CrossRef] [PubMed]

	



Zomer, H.; Trentin, A.G. Skin wound healing in humans and mice: Challenges in translational research. J. Dermatol. Sci. 2018, 90, 3–12. [Google Scholar] [CrossRef] [PubMed]

	



Arrifin Mohd, N.H.; Hasham, R. Assesment of non-invasive techniques and herbal based products on dermatological physiology and intercellular lipid properties. Helyon 2020, 6, e03955. [Google Scholar] [CrossRef] [PubMed]

	



Şoica, C.; Oprean, C.; Borcan, F.; Danciu, C.; Trandafirescu, C.; Coricovac, D.; Crăiniceanu, Z.; Dehelean, C.A.; Munteanu, M. The Synergistic Biologic Activity of Oleanolic and Ursolic Acids in Complex with Hydroxypropyl-γ-Cyclodextrin. Molecules 2014, 19, 4924–4940. [Google Scholar] [CrossRef]

	



Coricovac, D.; Moacă, E.; Pinzaru, I.; Cîtu, C.; Soica, C.; Mihali, C.V.; Păcurariu, C.; Tutelyan, V.A.; Tsatsakis, A.; Dehelean, C.A. Biocompatible Colloidal Suspensions Based on Magnetic Iron Oxide Nanoparticles: Synthesis, Characterization and Toxicological Profile. Front. Pharmacol. 2017, 8, 154. [Google Scholar] [CrossRef]

	



Ribatti, D. The chick embryo chorioallantoic membrane in the study of tumor angiogenesis. Rom. J. Morphol Embryol. 2008, 49, 131–135. Available online: http://www.rjme.ro/RJME/resources/files/490208131135.pdf (accessed on 28 October 2020).

	



Avram, S.; Danciu, C.; Pavel, I.Z.; Ceausu, R.A.; Avram, S.; Dehelean, C.; Raica, M. Polyphenols, Antioxidant Activity and Anti-angiogenic Potential of Red and White Grapes. Rev. Chim. 2016, 67, 382–385. [Google Scholar]

	



Danciu, C.; Coricovac, D.E.; Șoica, C.; Dumitrașcu, V.; Simu, G.; Antal, D.; Lajos, K.; Dehelean, C.A.; Borcan, F. Evaluation of skin physiological parameters in SKH1 mice experimental model after exposure to aggressive factors like UVB using non-invasive methods. Rev. Chim. 2014, 65, 1195–1199. [Google Scholar]








[image: Molecules 26 02369 g001 550] 





Figure 1. Time-dependent antioxidant activity of the aqueous extract of MO leaves. 
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Figure 2. Cell viability assessment of an aqueous extract of MO leaves (20, 100, 250, 500 and 1000 μg/mL) in HaCaT cells at 24 h post-stimulation by means of Alamar blue assay. The results are expressed as a cell viability percentage (%) normalized to cells stimulated with distilled water. The data represent the mean values ± SD of three independent experiments. A one-way ANOVA analysis was applied to determine the statistical differences compared with distilled water-treated cells followed by Tukey’s post-test (**** p < 0.0001). 
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Figure 3. Cell viability assessment of aqueous extracts of MO leaves (20, 100, 250, 500 and 1000 μg/mL) in A375 human melanoma cells at 24 h post stimulation by means of Alamar blue assay. The results are expressed as cell viability percentage (%) normalized to cells stimulated with distilled water. The data represent the mean value ± SD obtained from three independent experiments. One-way ANOVA analysis was applied to determine the statistical differences compared with distilled water-treated cells followed by Tukey’s post-test (**** p < 0.0001). 
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Figure 4. Stereomicroscopic images regarding the effects of the aqueous extracts of MO leaves on the chorioallantoic membrane assay. Evaluation was assessed before application (0 h) and at 24 h after the application of samples (five concentrations of MO aqueous extracts: 10, 50, 100, 500 and 1000 µg/mL) and control (distilled water). 
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Figure 5. Comparative evolution of skin biophysical parameters. (A) Transepidermal water loss (for MO aqueous extract vs. distilled water * p < 0.05; ** p < 0.001). The statistical differences were determined using a two-way ANOVA analysis followed by a Bonferroni post-test; (B) Erythema (for MO aqueous extract vs. distilled water * p < 0.05; ** p < 0.001; *** p < 0.001; for MO aqueous extract vs. Control # p < 0.05; ## p < 0.001; ### p < 0.001). The statistical differences were determined using a two-way ANOVA analysis followed by a Bonferroni post-test; (C) Melanin (for MO aqueous extract vs. distilled water * p < 0.05; ** p < 0.001; *** p < 0.001; for MO aqueous extract vs. Control # p < 0.05; ## p < 0.001; ### p < 0.001). The statistical differences were determined using a two-way ANOVA analysis followed by a Bonferroni post-test; (D) Skin hydration (for MO aqueous extract vs. distilled water * p < 0.05; ** p < 0.001; *** p < 0.001). The statistical differences were determined using a two-way ANOVA analysis followed by a Bonferroni post-test. 






Figure 5. Comparative evolution of skin biophysical parameters. (A) Transepidermal water loss (for MO aqueous extract vs. distilled water * p < 0.05; ** p < 0.001). The statistical differences were determined using a two-way ANOVA analysis followed by a Bonferroni post-test; (B) Erythema (for MO aqueous extract vs. distilled water * p < 0.05; ** p < 0.001; *** p < 0.001; for MO aqueous extract vs. Control # p < 0.05; ## p < 0.001; ### p < 0.001). The statistical differences were determined using a two-way ANOVA analysis followed by a Bonferroni post-test; (C) Melanin (for MO aqueous extract vs. distilled water * p < 0.05; ** p < 0.001; *** p < 0.001; for MO aqueous extract vs. Control # p < 0.05; ## p < 0.001; ### p < 0.001). The statistical differences were determined using a two-way ANOVA analysis followed by a Bonferroni post-test; (D) Skin hydration (for MO aqueous extract vs. distilled water * p < 0.05; ** p < 0.001; *** p < 0.001). The statistical differences were determined using a two-way ANOVA analysis followed by a Bonferroni post-test.



[image: Molecules 26 02369 g005]







[image: Molecules 26 02369 g006 550] 





Figure 6. Schematic protocol of the method used to obtain the aqueous extract of dried Melissa officinalis leaves. 
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Table 1. Peak values and functional groups of the aqueous extract of dried MO leaves.






Table 1. Peak values and functional groups of the aqueous extract of dried MO leaves.





	Characteristic Absorptions [cm−1]
	Functional Group
	Bond





	3431
	Alcohol
	O-H stretching vibration (hydroxyl groups H-bonded)



	2974
	Acid
	O-H stretching vibration



	1636
	Alkene

Carbonyl

Amide
	C=C stretching vibration

C=O stretching vibration

C=O stretching vibration



	1400
	Alkane
	-C-H bending vibration



	1269
	Acid
	C-O stretching vibration



	1076
	Ester

Cyclic alcohols
	C-O stretching vibration

C-O stretching vibration



	617
	Aromatic
	=C-H stretching vibration
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Table 2. Polyphenolic content of an aqueous extract of MO leaves by LC-MS.
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	Compound Name
	Rt (min)
	[M − H+]+ (m/z)
	MO Extract (ng/mg d.w.)





	gentisic acid
	2.67
	153
	NQ



	p-coumaric acid
	10.56
	163
	NQ



	apigenin
	36.91
	269
	38.72



	chlorogenic acid
	6.45
	353
	0.31



	caffeic acid
	6.97
	179
	0.18



	rutin
	23.01
	609
	4.06



	ferulic acid
	13.91
	193
	1.25







NQ; Not Quantified.
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