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Abstract: Lamiaceae family includes various medicinal and aromatic plants used in cosmetics and
pharmaceutical industries. The present study aimed to investigate in vitro the cytotoxic, photoprotec-
tive and antioxidant activities of ten Lamiaceae taxa; Melissa officinalis subsp. altissima (Sm.) Arcang.,
Rosmarinus officinalis L., Salvia officinalis L., Sideritis cypria Post, S. euboea Heldr., S. perfoliata L. subsp.
perfoliata, S. scardica Griseb., S. sipylea Boiss., Stachys iva Griseb., and Thymus vulgaris L. The aqueous
extract of Salvia officinalis was bio-guided fractionated to obtain the main bioactive metabolites, which
were evaluated for the aforementioned effects and their wound-healing potential. In total, five
compounds were isolated and identified through NMR spectra, namely salvianic acid A, rosmarinic
acid, salvianolic acid K, luteolin-3/-O-B-D-glucuronide and hispidulin-7-O-B-D-glucuronide. All
the compounds were photoprotective and non cytotoxic, while no statistically significant oxidative
stress reduction was obtained. Regarding the wound-healing potential, salvianolic acid K was the
most promising candidate. Overall, this study suggests photoprotective natural agents from various
Lamiaceae species, widely found in Greece, and provides a better insight into Salvia officinalis and its
bioactive constituents.

Keywords: Salvia officinalis; Lamiaceae; sage; photoprotection; cytotoxicity; oxidative stress; wound
healing; bio-guided isolation; phenolics; skin health

1. Introduction

Skin is the largest organ of the human body and contributes to protecting the organism
against injuries, infections, and toxic substances, as well as from ultraviolet radiation
(UV) [1]. Skin aging is a multifactorial biological process affected by genetic, hormonal,
metabolic, and environmental factors [2]. Extrinsic aging or photoaging could be caused by
chronic exposure to solar UV radiation, resulting in gradual loss of elasticity and changes
of skin connective tissue with subsequent sagging and appearance of crevices, wrinkles,
dryness, and brittleness. In addition, skin aging is accompanied by impaired wound
healing and skin pigmentation alterations [2,3].

Solar UV radiation is divided into three categories based on their wavelength: (i) long
wave UV-A (320-380 nm), medium wave UV-B (280-320 nm), and short wave UV-C
(180-280 nm) [4,5]. Of them, approximately 40% of UV-A and 10% of UV-B radiation
reaches the earth’s surface and their absorptivity is not the same since the radiation’s
penetration depth is relative to the wavelength. As a result, UV-A could penetrate deeper
into the dermis affecting most of the skin cells and leading to skin photoaging and car-
cinogenic transformation, whereas UV-B could be absorbed in the epidermis by various
cellular biochromes (mainly cutaneous pigments, lipids, proteins, and nucleic acids) and
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could reach the papillary dermis, causing erythema or sunburn [5,6]. Furthermore, UV-B
could directly cause DNA damage that leads to the formation of cyclopyrimidine dimers
(CPDs) and other photoproducts like pyrimidine-(6-4)-pyrimidone photoproducts (6-4PPs),
responsible for skin cancer, oxidative stress, and photoaging [7,8]. However, UV radiation
could also possess beneficial effects on human skin. In particular, it is mentioned that it
could stimulate wound healing, exhibit antibacterial activity, and be used for the treatment
of various skin conditions such as psoriasis, atopic dermatitis, vitiligo, and eczema [5,9,10].

Plant extracts and natural compounds have demonstrated important effects as photo-
protective agents through different mechanisms of action such as inhibition of scavenging
reactive oxygen species (ROS), stimulating the production of melanin, and absorbing UV
radiation [5]. Specifically, plant polyphenols (e.g., phenolic compounds and flavonoids)
exhibit photoprotective activity which could be attributed to the chromophore groups of
their structures which absorb radiation, reducing its penetration to the skin and its harmful
consequences [5,11,12].

Lamiaceae, being one of the largest families, includes approximately 236 genera and
more than 7100 species [13]. Many plants of this widespread family have aroused significant
interest due to their pharmacological properties and their use in the food industry and
cosmetics [14]. Genus Salvia L. comprises over 900 species worldwide [15] and traditionally
its species have been widely used to treat various diseases such as respiratory disorders and
skin inflammation [16]. According to the European Medicines Agency (EMA), preparations
from leaves of Salvia officinalis L., commonly known as sage, are traditional herbal medicines
for four indications including the relief of minor skin inflammations [16]. Many studies have
reported a broad range of pharmacological properties of S. officinalis such as antioxidant
and anti-inflammatory activities [17-20]. These effects have been attributed to its rich
phytochemical content, including terpenoids, flavonoids, and phenolic acids [20-22].

The present study aimed to investigate the biological activities of different extracts/
infusions from ten Lamiaceae taxa [Melissa officinalis subsp. altissima (Sm.) Arcang., Ros-
marinus officinalis L., Salvia officinalis L., Sideritis cypria Post, S. euboea Heldr., S. perfoliata L.
subsp. perfoliata, S. scardica Griseb., S. sipylea Boiss., Stachys iva Griseb., and Thymus vulgaris
L.]. The main objective was the bio-guided fractionation of the most potent plant with a
rich phytochemical profile to explore its compounds for their cytotoxic, photoprotective,
antioxidant, and wound-healing properties.

2. Materials and Methods
2.1. General Experimental Procedures

1D and 2D-NMR spectra were recorded in CD3;0D on Bruker DRX 400 instrument
at 295 K. Chemical shifts were given in ppm (8) and were referenced to the solvent sig-
nals at 3.31/49.0 ppm. COSY (COrrelation Spectroscop?Y’), HSQC (Heteronuclear Single
Quantum Correlation), and HMBC (Heteronuclear Multiple Bond Correlation) experiments
were performed using standard Bruker microprograms. Column chromatography (CC):
Sephadex LH-20 (Pharmacia) and Vacuum Liquid Chromatography (VLC, Merck, Art.
9385, Darmstadt, Germany). Preparative-thin-layer chromatography (Prep-TLC) plates
were pre-coated with silica gel (Merck, Art. 5721, Darmstadt, Germany). Fractionation
was always monitored by TLC silica gel 60 F-254 (Merck, Art. 5554, Darmstadt, Germany)
with visualization under UV (254 and 366 nm) and spraying with the vanillin-sulfuric
acid reagent. All obtained extracts/infusions, fractions, and isolated compounds were
evaporated to dryness in a vacuum under low temperature and then put in activated
desiccators with P,Os until their weights had stabilized.

2.2. Plant Samples

Aerial parts of 10 different taxa belonging to the Lamiaceae family were provided
(Melissa officinalis subsp. altissima (Sm.) Arcang., Rosmarinus officinalis L., Salvia officinalis
L., Sideritis cypria Post, Sideritis euboea Heldr., Sideritis perfoliata L. subsp. perfoliata, Sideritis
scardica Griseb., Sideritis sipylea Boiss., Stachys iva Griseb., and Thymus vulgaris L.).
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A detailed description of the used plant materials is shown in Table 1. All samples
were authenticated and voucher specimens of wild and cultivated populations were kept
at a personal herbarium of the Department of Pharmacognosy and Chemistry of Natural
Products, Faculty of Pharmacy, NKUA. M. officinalis subsp. altissima; R. officinalis; Salvia
officinalis; T. vulgaris, as well as Sideritis sipylea were authenticated by Assoc. Prof. Th.
Constantinidis and K. Goula (voucher specimen numbers: Dimas & Skaltsa 01-04 and
Lytra & Skaltsa 01, respectively). Sideritis perfoliata subsp. perfoliata were provided by the
Cypriot National Centre of Aromatic Plants in trays and S. cypria from the Cypriot National
Agricultural Department and seeds of the plant are kept at the Agricultural Research
Institute, national gene bank (Accession number: ARI02415). S euboea; S. scardica and St. iva
were provided by ELGO Dimitra and authenticated by Dr. P. Chatzopoulou (codes 19-17;
GRCO017 and 99/2015, respectively).

Table 1. Origin, extract-preparation, and abbreviation of investigated plant samples.

Plant Sample Origin Extract Abbreviation
Melissa officinalis subsp. altissima (Sm.) Arcang. wild—Crete EtOAc/Aqueous MOE/MOW
Rosmarinus officinalis L. wild—Mt. Pelion EtOAc/Aqueous ROE/ROW
Salvia officinalis L. wild—Kozani EtOAc/Aqueous SOE/SOW
Sideritis cypria Post cultivated—Cyprus MeOH/Infusion SCM/SCI
Sideritis euboea Heldr. cultivated—ELGO Dimitra MeOH/Infusion SEM/SEI
Sideritis perfoliata L. subsp. perfoliata cultivated—Cyprus MeOH/Infusion SPM/SPI
Sideritis scardica Griseb. cultivated—ELGO Dimitra MeOH/Infusion SSM/SSW
Sideritis sipylea Boiss. wild—Samos Island MeOH/Infusion SSMe /SSI
Stachys iva Griseb. cultivated—ELGO Dimitra MeOH/Infusion SIM/SII
Thymus vulgaris L. wild—Mt. Pelion EtOH/Aqueous TVE/TVW

2.3. Preparation of Extracts and Infusions

Air-dried aerial parts of each plant (100 g) were cut into small pieces and then ex-
tracted at room temperature with different solvents based on their phytochemical content.
Specifically, M. officinalis subsp. altissima, R. officinalis, and S. officinalis were extracted with
ethyl acetate (EtOAc; 2 x 24 h) and water (2 x 24 h), successively. T. vulgaris was extracted
with ethanol (EtOH; 2 x 24h) and then successively with water (2 x 24 h).

S. cypria, S. euboea, S. perfoliata subsp. perfoliata, S. scardica, S. sipylea, St. iva were
extracted with methanol (MeOH; 2 x 24 h). Moreover, their infusions were independently
prepared based on the monograph of the European Medicines Agency [23]. Four grams
(4 g) of aerial parts of the taxa were given into 200 mL boiling distilled water for 5 min,
were filtered and the solvent was removed under reduced pressure.

All obtained extracts and infusions were concentrated to dryness and were stored as
solids at —20 °C until instrumental and biological analyses.

2.4. Chromatographic Separation and Isolation of the Active Metabolites from S. officinalis
Aqueous Extract

Part of the aqueous extract (3.5 g) of S. officinalis was subjected to vacuum column
chromatography (VLC, 10.0 cm x 3.0 cm) on silica gel, eluting with solvent mixtures of
increasing polarity (EtOAc:MeOH:H,0). Ten fractions (SOW_A-SOW_]) were obtained
and tested for their cytotoxicity, photoprotective activity, and their potential to reduce
oxidative stress. Afterward, fractions SOW_E, SOW_F, and SOW_G were selected for
further phytochemical study. Fraction SOW_E (163.5 mg; eluted with EtOAc:MeOH:H,O
75:25:2.5) was submitted in CC on Sephadex LH-20 (16.0 cm x 2.0 cm) with isocratic
elution (MeOH 100%), yielding compounds rosmarinic acid (2; 11.0 mg) and luteolin-3'-O-
B-D-glucuronide (4; 1.5 mg). Fraction SOW_F (93.1 mg; eluted with EtOAc:MeOH:H,O
70:30:3) was subjected to CC on Sephadex LH-20 (16.0 cm X 2.0 cm) with isocratic elution
(MeOH 100%) and 27 fractions were received. The fractions SOW_FH (10.2 mg), SOW_FI
(6.6 mg), and SOW_FK (4.0 mg) were separately submitted in prep-TLC over silica gel with
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EtOAc:MeOH:H,O 6.5:1.5:1.0 to afford compounds salvianic acid A (1; Rf: 0.36; 2.7 mg),
hispidulin-7-O-p-D-glucuronide (5; Rf: 0.19; 1.0 mg), and luteolin-3'-O-B-D-glucuronide
(4; Rf: 0.42; 3.0 mg), respectively. Fraction SOW_G (112.9 mg) was submitted in CC
on Sephadex LH-20 (16.0 cm x 2.0 cm) with isocratic elution (MeOH 100%) and gave
compounds salvianic acid A (1; 3.3 mg) and salvianolic acid K (3; 3.9 mg).

2.5. Activity of Plant Extracts/Infusions, Fractions, and Isolated Compounds in Fibroblasts
2.5.1. Materials and Equipment

A scale with precision to four decimal places from Mettler Toledo B154 College Digital
Analytical Balance Scale was used. The plates were 96 and 24-well Corning 96-Well Plates—
Sigma-Aldrich and the Filament flow chamber was from Abductor Telstar PV100, Spain.
An Axiovert 25 ZEISS (Schwabach, Switzerland) inverted microscope and a Fluostar Galaxy
BMG Microplate Photometer (Ortenberg, Germany) were used. The Laboratory Oven was
a Memmert (Schwabach, Germany) and the liquid nitrogen freezing cell container was a
34 XT Taylor-Wharton (Cambridge Scientific, Merck KGaA, Darmstadt, Germany). The
plate shaker was an MS1 Minishakersmall orbital shaker, (Vortex-IKA, Ludwigsburg, Ger-
many). Also, Camera Canon PowerShot G5 Xzoom lens (7.2-28.8 mm). Haemocytometer
measuring Neubauer cells and an irradiation lamp Astralux Type UVA MED, UK were
used. Fluorescence images were obtained using a Canon PC1049, 16X (Tokyo, Japan) cam-
era with Boligor (Tokyo, Japan) and Carl Zeiss 426126 and MC 80 DX-1.0X (Oberkochen,
Germany) adapters for Axiovert 25 microscope, with fluorescent light MBQ 52ac LE] (Jena,
Germany) emitter.

DMEM 1X, high glucose (Dulbecco’s Modified Eagle Medium, Taufkirchen, Germany),
PBS (Phosphate Buffered Saline, Cologne, Germany), Antibiotic Antimycotic solution
(100x), Trypsin-EDTA 0.05% were purchased from Biosera (Cholet, France), while Sodium
Lauryl Sulphate (SLS), Chlorpromazine (CPZ) were from Serva (Heidelberg, Germany). FBS
(Fetal Bovine Serum) was from PanBiotech (Aidenbach, Germany) and Neutral Red Solution
was from Apollo Scientific (Stockport, UK). Ethanol Absolute and Glacial Acetic Acid, as
well as the water for injection, were from Millipore-Sigma (Merck KGaA, Darmstadt,
Germany). 6-chloromethyl-2’,7'-dichlorodihydrofluorescein diacetate, acetyl ester (CM-
H2DCFDA) was purchased from Gibco-Life Technologies (ThermoFisher Scientific, New
York, NY, USA). NIH/3T3 Fibroblasts were kindly donated by Dr D. Kletsas, Laboratory of
Cell Proliferation and Ageing, Demokritos, Greece.

2.5.2. Cytotoxicity Assay in NIH/3T3 Fibroblasts

Cell viability was assessed on NIH/3T3 fibroblasts. The proliferation rates of NIH/3T3
after treatment with plant extracts/infusions (Table 1) as well as fractions and isolated
compounds of S. officinalis were determined by Neutral Red (NR) Uptake assay. The assay
relies on the ability of living cells to incorporate and bind neutral red, a weak cationic
dye, in lysosomes. Cells were maintained in the Dulbecco’s Modified Essential Medium
(DMEM) high glucose, supplemented with 10% fetal bovine serum (FBS) and 1X Penicillin-
Streptomycin. The cells were seeded in 96-well flat-bottomed microplates at a density of
10,000 cells/well in serum-containing medium and incubated at 37 °C, 5% carbon dioxide.
After 24 h of incubation to ensure cell attachment, medium was changed to DMEM (5% FBS)
containing graded concentrations of plant extracts/infusions (from 10~° to 1.0 mg/mL),
while the fractions and the isolated compounds were evaluated at concentrations ranging
from 107 to 1072 mg/mL and 10~ to 1072 mg/mL, respectively. Cultures incubated with
the corresponding vehicle served as negative controls, whereas cultures incubated with
serial dilutions of Sodium Lauryl Sulfate (SLS, 10~3-100 mg/mL) served as positive control.
After 24 h incubation, the morphology of cells was examined under microscope. The cells
were washed with DPBS. Neutral Red medium was added, followed by incubation at 37 °C
in a humidified atmosphere of 5% CO, for 3 h. After incubation, the NR medium was
replaced with NR desorb solution (ETOH/acetic acid). The microtitre plate was shaken
on a microtitre plate shaker for 10 min until NR was extracted from the cells and formed
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a homogeneous solution. The optical density was measured in a microplate reader at the
wavelength of 540 nm.
Cell viability was calculated as follows:

% cell viability = (Absorbance sample/Absorbance control) x 100,

where Absorbance control is the absorbance of cells treated DMEM (5%FBS) and Ab-
sorbance sample is the absorbance of cells treated with the test sample.
Samples with cell viability of less than 70% were considered cytotoxic.

2.5.3. Photoprotection Assay in NIH/3T3 Fibroblasts

The photoprotective potential of plant extracts/infusions (Table 1), fractions, and the
isolated compounds was studied in a UVA-induced phototoxicity assay (5 J/cm?). The
selected UV-A dose was slightly cytotoxic for the NIH/3T3 fibroblast cell line, in order to
reveal the possible cytoprotective efficacy of the extracts/infusions. NIH/3T3 fibroblasts
were seeded in 96-well clear-bottomed white microplates at a density of 10,000 cells/well
in DMEM 10% FBS and were left to adhere for 24 h. Two plates per plant extract were pre-
incubated for 1 h, using the concentrations described in the cytotoxicity assay (Section 2.5.2).
Chlorpromazine hydrochloride was used as positive control (10~2-10% pg/mL). One of the
two plates was irradiated for 50 min, whereas the other plate was kept in the dark. In both
plates, the treatment buffer was replaced with fresh culture medium and cell viability was
determined by NRU after an 18-24 h incubation as previously described.

2.5.4. Intracellular Reactive Oxygen Species (ROS) Assay

The NIH/3T3 fibroblasts were plated in 96-well clear-bottomed black microplates
at a density of 10,000 cells/well in DMEM 10% FBS and were left to adhere for 24 h. To
assess the antioxidant capacity of the plant samples, cells were incubated for 1 h in DPBS
with different concentrations of plant extracts/infusions (107°-1.0 mg/mL) or fractions
(10-7-102 mg/mL) or isolated compounds (1077-102 mg/mL). The cells were then irra-
diated with a low UV-A dose of 2.5 J/cm? within 25 min, which causes non cytotoxic effects
(unpublished data). H,O,, a known oxidative stress inducer, is used as positive control at
concentrations of 1073-100 uM. Oxidative stress was evaluated using CM-H2DCFDA ester
(5-(and-6)-chloromethyl-2’,7’-dichlorodihydrofluorescein diacetate, acetyl ester), which
reacts with free radicals (HO-, HOO-) or oxidizing molecules (H,O, and ONOO-). The
induced fluorescence is due to the existence of reactive oxygen compounds. Briefly, after
the irradiation, the cells were washed with DPBS, CM-H2DCFDA ester was added in each
well at a 3 pM and the cells were incubated for 45 min. The medium was replaced by DPBS,
and, after 15 min, fluorescence emission was determined at 520 nm, following excitation at
485 nm in a microplate reader, and fluorescence images were obtained.

2.6. Scratch Assay

The isolated compounds were tested for their healing effect by evaluating their
NIH/3T3 fibroblasts migration ability. The procedure involves growing a cell mono-
layer to confluence in a 12-well assay plate. The “‘wound’, a cell-free zone in the monolayer,
was created by a sterile micropipette yellow tip. The recolonization of the scratched region
was monitored. The incision is followed by PBS wash in order to remove any dead cells and
cellular debris. The isolated compounds of S. officinalis were added at two different concen-
trations (10~ and 103 mg/mL), in DMEM (0.2% FBS) so that the cells are synchronized
and cell proliferation is inhibited. DMEM (15% FBS) was used as a positive control and
DMEM (0.2% FBS) as a control. Images of the incision closure were acquired at 0 and 24 h
at 4x magnification. All images were analyzed using Image-]J software. The reduction of
the gap distance of the section was calculated by the following formula: % section closure
=(A—B) * 100/ A, where A = initial intersection distance in time (t.},) and B = intersection
distance in time (tp4p,).
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2.7. Statistical Processing of Results

GraphPad Prism 8 software (GraphPad Software, San Diego, CA, USA) was used for
statistical analysis. Experiments were performed in triplicates. Data normality was checked
for all the data with the Shapiro-Wilk test. Since data followed a normal distribution,
statistical significance was tested with parametric methods (One-Way Anova, Post Hoc
analysis LSD, t-test). The differences were considered statistically significant at p < 0.05
which is indicated in graphs by one asterisk.

3. Results and Discussion
3.1. In Vitro Cytotoxicity, Photoprotection, and Antioxidant Activity of Plant Extracts/Infusions

The plant extracts and infusions did not demonstrate any cytotoxic effect at the
concentrations from 107 to 0.1 mg/mL, apart from the ethyl acetate extract of R. officinalis
(ROE), which showed a cytotoxic activity at a concentration of 0.1 mg/mL (Figures S1-54).

The ethanol, ethyl acetate, and methanol extracts showed cytotoxicity at 1 mg/mL,
the highest concentration tested, with cell viability ranging in the mean between 45-60%
(Figures S1 and S2), with the exceptions of the ethyl acetate extract of M. officinalis subsp.
altissima (MOE) and methanol extract of S. perfoliata subsp. perfoliata (SPM) which did
not show any cytotoxicity. All aqueous extracts and infusions (Figures S3 and S4) did not
exhibit any cytotoxicity with the exceptions of R. officinalis aqueous extract (ROW) and the
infusions of S. sipylea (SSI) and S. euboea (SEI), which were cytotoxic at the highest tested
concentration (1 mg/mL).

The photoprotective effect of the plant samples was explored at a concentration range
of 107 to 1.0 mg/mL (Figures S5-S8). UV-A irradiation of NIH/3T3 fibroblasts with
5]/cm? caused an approximately 30% decrease in fibroblast viability (IRR control), while
the non-irradiated cells (NIRR control) viability was set to 100%. The photosensitive sub-
stance, chlorpromazine (positive control), had an ICsj value of 1.0 ug/mL on cell viability
after irradiation. S. officinalis ethyl acetate extract (SOE) showed important photoprotective
activity at the concentration range from 102 to 1.0 mg/mL with cell viability ranging
from 80 to 97%. In addition, the ethanol extract of T. vulgaris (TVE) demonstrated a pho-
toprotective effect at all tested concentrations (cell viability ranges: 80-95%). Among the
methanol extracts, those of S. euboea (SEM) and S. perfoliata subsp. perfoliata (SPM) had a
photoprotective effect at a concentration range from 1072 to 1.0 mg/mL and from 107 to
1.0 mg/mL, respectively. The aqueous extracts of S. officinalis (SOW) and T. vulgaris (TVW)
unveiled the most important photoprotective effect at the concentration of 0.1 mg/mL
with viability rates ranging from 85 to 94%. In addition, the aqueous extract of R. officinalis
(ROW) showed moderate photoprotective activity at the lowest concentration, while greater
activity was observed at higher concentrations (from 10~# to 1.0 mg/mL). The infusions of
S. euboea (SEI) and S. perfoliata subsp. perfoliata (SPI) demonstrated significant activity with
cell viability ranging from 87 to 100%. It is noteworthy that both infusions showed similar
viability rates to non-irradiated cells (NIRR control) at the two highest concentrations (0.1
and 1.0 mg/mL) (Figure S8).

Considering the potential of the plant extracts and infusions to reduce oxidative stress
(Figures 59-512), the aqueous extracts and infusions did not significantly reduce oxidative
stress with the exception of S. sipylea infusion (SSI).

Overall, the diverse results among the tested plant samples in each biological assay
could be also attributed to the different phytochemical constituents which were included
in the used plants and extracts. Previous studies have reported a broad range of bioactive
metabolites from these plants, belonging to triterpenoids (M. officinalis subsp. altissima,
R. officinalis, Sideritis taxa, Stachys taxa, and T. vulgaris), diterpenoids (R. officinalis, S. offic-
inalis, Sideritis taxa, Stachys taxa), iridoids (Sideritis taxa, St. iva), flavonoids (R. officinalis,
S. officinalis, Sideritis taxa, St. iva, and T. vulgaris), phenylethanoid glycosides (Sideritis taxa
and St. iva), and phenolic acids (M. officinalis subsp. altissima, R. officinalis, S. officinalis,
Sideritis taxa, St. iva, and T. vulgaris) [21,22,24-36].
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3.2. Bio-Guided Investigation of S. officinalis Aqueous Extract

Taking into consideration the overall outcomes from the plant extracts and infusions,
the aqueous extract of S. officinalis (SOW) was chosen for further bio-guided isolation of the
main responsible bioactive metabolites due to its rich phytochemical profile and photopro-
tective and non cytotoxic activity. This extract was fractionated and the obtained fractions
(SOW_A-SOW_]) were evaluated for their cytotoxicity, photoprotective activity, and their
potential to reduce oxidative stress. The fractions were initially tested for their in vitro
cytotoxicity (Figure 1) at a concentration range from 10~* to 0.01 mg/mL. None of the frac-
tions were cytotoxic at all tested concentrations. All the fractions showed photoprotective
activity at the tested concentrations, with the exception of SOW_H, SOW_I, and SOW_]
fractions (Figure 2). It should be mentioned that a statistically significant photoprotective
effect was exhibited by fractions SOW_E at the concentration of 102 mg/mL, SOW_F at
the two highest concentrations (10~3 and 1072 mg/mL) and SOW_G at all concentrations
with the highest cell viability reaching 130 and 140% respectively, causing a 60 to 70%
increase in viability compared to irradiated cells (IRR control, Figure 2). Regarding their
antioxidant capacity, statistically significant effects were observed by the fractions SOW_C
(at 1075 and 1072 mg/mL), SOW_F (at 10~2 and 0.01 mg/mL), and SOW_H (at 10~ and
1073 mg/mL) (Figure 3).
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Cell Viability %

B 10 mg/mL @103 mg/mL [ 0.01mg/mL [ Control

Figure 1. Cytotoxic activity of S. officinalis fractions in NIH/3T3 fibroblasts after 24 h of treatment.
Bars £ SD.
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Figure 2. Photoprotective activity of S. officinalis fractions. UV-A-induced cytotoxicity was assessed
on mouse skin fibroblasts (NIH/3T3) pre-treated with the indicated fractions for 1 h (A). Fraction—
induced cytotoxicity after 1 h of treatment (B). PBS-treated cultures served as controls. UV-A untreated
control (NIRR) set to 100%. Bars 4 SD. * p < 0.05.
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Figure 3. Intracellular antioxidant activity of S. officinalis fractions. 2’,7'-dichlorofluorescein (DCF)-
fluorescence of mouse skin fibroblasts (NIH/3T3) treated with the indicated fractions for 1 h was used
for the assessment of UVA-stimulated reactive oxygen species (ROS) levels. Vehicle (PBS)—treated
irradiated cells were used as negative controls. Bars &+ SD. * p < 0.05.

Based on the overall results, fractions SOW_E, SOW_F, and SOW_G were selected
for further phytochemical study in order to isolate the most bioactive constituents, us-
ing different chromatographic techniques. In total, five compounds were obtained and
identified through 1D- and 2D-NMR spectra, including three phenolic derivatives: sal-
vianic acid A (1) [37], rosmarinic acid (2) [38], and salvianolic acid K (3) [38], and two
flavone glucuronides namely luteolin-3'-O-B-D-glucuronide (4) [39] and hispidulin-7-O-f3-
D-glucuronide (5) [40]. Compounds 2—4 were previously found in S. officinalis [21,24,38].
To the best of our knowledge, although compounds 1 and 5 were reported in the genus
Salvia [21,41,42], they were isolated for the first time from this species. In general, phenolic
acids derivatives are commonly found in the genus Salvia [24]. Among them, rosmarinic
acid is the most principal caffeic acid dimer, while salvianolic acids A-K are widely found
in the genus Salvia. Furthermore, luteolin glycosides and their glucuronides seemed to be
more common compared to those of apigenin in Salvia taxa [21].

The isolated compounds were evaluated for their cytotoxicity, photoprotective activity,
and their potential to reduce oxidative stress. It should be mentioned that hispidulin-7-O-
(3-D-glucuronide (5) was not tested in the in vitro assays due to the fact that it was isolated
in a very low amount. So, compounds 1-4 were tested in NIH/3T3 fibroblasts for 24 h at
concentrations from 10~ to 0.01 mg/mL. No statistically significant cytotoxic activity was
observed compared to the control (Figure 4).

All isolated compounds exhibited statistically significant photoprotective activity in
the tested concentrations (10~ to 1072 mg/mL) (Figure 5). These results are in accordance
with the outcomes from the photoprotective effects of the fractions (Figure 2). It is notewor-
thy to mention that luteolin-3'-O-B-D-glucuronide (4) at a concentration of 0.01 mg/mL
showed a cell viability value of approximately 120% (p < 0.05) compared to the control. The
significant photoprotective effects of rosmarinic acid have been previously explored [43,44].
Among the different salvianolic acids, the photoprotection of salvianolic acid B has been
reported [45]. Based on our knowledge this is the first report on the photoprotective activity
of salvianic acid A, salvianolic acid K, and luteolin-3’ -O-3-D-glucuronide.
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Figure 4. Cytotoxic activity of the isolated compounds (1-4) from S. officinalis in NIH/3T3 fibroblasts
after 24 h of treatment. Bars &= SD.

Regardless of the potential of the isolated compounds to reduce oxidative stress, none
of them demonstrated statistically significant changes in oxidative stress levels compared to
the control group at the tested concentrations (Figure 6). Previous studies have mentioned
that rosmarinic acid and salvianolic acids are responsible compounds for the antioxidant
activity of Salvia species [21,24,46,47]. Although the initial fractions had been shown to
reduce the oxidative stress in specific concentrations (Figure 3), it was not observed any
effect from their isolated constituents. This might be attributed to the synergistic effects of
the compounds in the fractions.
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Figure 5. Photoprotective activity of the isolated compounds (1-4) from S. officinalis. UV-A-induced
cytotoxicity was assessed on mouse skin fibroblasts (NIH/3T3) pre-treated with the indicated com-
pounds for 1 h (A). Compound—induced cytotoxicity after 1 h of treatment (B). PBS-treated cultures
served as controls. UV-A untreated control (NIRR) set to 100%. Bars & SD. * p < 0.05.
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Figure 6. Intracellular antioxidant activity of the isolated compounds (1-4) from S. officinalis. 2',7'-
dichlorofluorescein (DCF)-fluorescence of mouse skin fibroblasts (NIH/3T3) treated with the indi-
cated compounds for 1 h was used for the assessment of UVA-stimulated reactive oxygen species
(ROS) levels. Vehicle (PBS)—treated irradiated cells were used as negative controls. Bars + SD.

3.3. Wound-Healing Potential of the Isolated Compounds in Scratch Assay

The wound healing activity of isolated compounds (1-4) is presented in Figure 7. Mild
migration was observed in the control group at 37%, while in the positive control (FBS 15%)
80% cell migration and proliferation were detected after 24 h of scratch formation. Among
the isolated compounds, salvianolic acid K (3) showed the greatest, statistically significant
wound healing activity at the concentration of 10~ mg/mL, enhancing cell migration by
70%, in a similar way to positive control (80%). Previous studies have reported various
pharmacological activities of this compound [46,48,49], however, this is the first time that a
wound-healing activity of salvianolic acid K is reported. Among the tested compounds,
rosmarinic acid (2) has already been reported as an important wound-healing agent [50].
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Figure 7. Wound-healing activity of the isolated compounds (1-4) from S. officinalis in NIH/3T3
fibroblasts. The data are expressed as mean of three experiments. Bars &+ SD. * p < 0.05.

4. Conclusions

This study explored the cytotoxic and photoprotective effects, as well as the potential to
reduce oxidative stress in fibroblasts of ten Lamiaceae taxa. S. officinalis aqueous extract was
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bio-guided fractionated leading to the isolation and identification of the main responsible
bioactive metabolites, namely salvianic acid A, rosmarinic acid, salvianolic acid K, luteolin-
3’-O-B-D-glucuronide, and hispidulin-7-O-3-D-glucuronide. All the isolated compounds
exhibited significant photoprotective activity in the tested concentration while none of them
statistically significantly decreased oxidative stress. Salvianolic acid K wound healing effect
was much enhanced, appearing as a good candidate for in vivo wound healing studies.
Overall, the present study unveiled the importance of Lamiaceae plants in skin health.
Furthermore, it could provide a better insight into the traditional applications of the genus
Salvia, aiming to validate ethnomedicinal use and identify the responsible metabolites.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/agronomy13051224 /51, Figure S1. Cytotoxic activity of ethanol and
ethyl acetate extracts of S. officinalis (SOE), M. officinalis subsp. altissima (MOE), R. officinalis (ROE),
and T. vulgaris (TVE) in mouse skin fibroblasts (NIH/3T3) after 24 h of treatment; Figure S2. Cytotoxic
activity of methanol extracts of S. scardica (SSM), S. sipylea (SSMe), S. cypria (SCM), St. iva (SIM), S.
euboea (SEM), and S. perfoliata subsp. perfoliata (SPM) in mouse skin fibroblasts (NIH/3T3) after 24 h
of treatment; Figure S3. Cytotoxic activity of aqueous extracts of S. officinalis (SOW), T. vulgaris (TVW),
M. officinalis subsp. altissima (MOW), and R. officinalis (ROW) in mouse skin fibroblasts (NIH/3T3)
after 24 h of treatment; Figure S4. Cytotoxic activity of infusions of S. cypria (SCI), S. scardica (SSW), S.
sipylea (SSI), S. euboea (SEI), S. perfoliata subsp. perfoliata (SPI), and St. iva (SII) in mouse skin fibroblasts
(NIH/3T3) after 24 h of treatment; Figure S5. Photoprotective activity of ethanol and ethyl acetate
extracts of S. officinalis (SOE), M. officinalis subsp. altissima (MOE), R. officinalis (ROE), and T. vulgaris
(TVE). UV-A-induced cytotoxicity was assessed on mouse skin fibroblasts (NIH/3T3) pre-treated
with the indicated extracts for 1 h (A). Extract—induced cytotoxicity after 1 h of treatment (B); Figure
S6. Photoprotective activity of methanol extracts of S. scardica (SSM), S. sipylea (SSMe), S. cypria (SCM),
St. iva (SIM), S. euboea (SEM), and S. perfoliata subsp. perfoliata (SPM). UV-A-induced cytotoxicity
was assessed on mouse skin fibroblasts (NIH/3T3) pre-treated with the indicated extracts for 1 h
(A). Extract-induced cytotoxicity after 1 h of treatment (B); Figure S7. Photoprotective activity of
aqueous extracts of S. officinalis (SOW), T. vulgaris (TVW), M. officinalis subsp. altissima (MOW), and
R. officinalis (ROW). UV-A-induced cytotoxicity was assessed on mouse skin fibroblasts (NIH/3T3)
pre-treated with the indicated extracts for 1 h (A). Extract-induced cytotoxicity after 1 h of treatment
(B); Figure S8. Photoprotective activity of infusions of S. cypria (SCI), S. scardica (SSW), S. sipylea (SSI),
S. euboea (SEI), S. perfoliata subsp. perfoliata (SPI), and St. iva (SII). UV-A-induced cytotoxicity was
assessed on mouse skin fibroblasts (NIH/3T3) pre-treated with the indicated extracts for 1 h (A).
Extract-induced cytotoxicity after 1 h of treatment (B); Figure S9. Intracellular antioxidant activity
of ethanol and ethyl acetate extracts of S. officinalis (SOE), M. officinalis subsp. altissima (MOE), R.
officinalis (ROE), and T. vulgaris (TVE); Figure S10. Intracellular antioxidant activity of methanol
extracts of S. scardica (SSM), S. sipylea (SSMe), S. cypria (SCM), St. iva (SIM), S. euboea (SEM), and S.
perfoliata subsp. perfoliata (SPM); Figure S11. Intracellular antioxidant activity of aqueous extracts of
S. officinalis (SOW), T. vulgaris (TVW), M. officinalis subsp. altissima (MOW), and R. officinalis (ROW);
Figure S12. Intracellular antioxidant activity of infusions of S. cypria (SCI), S. scardica (SSW), S. sipylea
(SSI), S. euboea (SEI), S. perfoliata subsp. perfoliata (SPI), and St. iva (SII).
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