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Abstract

:

Skin injuries, and especially wounds of chronic nature, can cause a major negative impact on the quality of life. New efficient alternatives are needed for wound healing therapy and herbal products are being investigated due to a high content of natural compounds with promising healing activity. For this purpose, we investigated three Artemisia species, Artemisia absinthium L. (AAb), Artemisia dracunculus L. (ADr) and Artemisia annua L. (AAn). Ethanolic extracts, containing different polyphenolic compounds, elicited strong antioxidant activities in the DPPH assay, comparable to ascorbic acid. Human ketratinocyte proliferation was stimulated and wound closure was enhanced by all three extracts at concentrations of 100 µg/mL. The Artemisia extracts modulated angiogenesis by increasing vessel formation, especially following treatment with A. annua and A. dracunculus, extracts with a significantly higher content of chlorogenic acid. Good tolerability and anti-irritative effects were also registered in ovo, on the chorioallantoic membrane (CAM). The three Artemisia species represent promising low-cost, polyphenol-rich, antioxidant, safe alternatives for wound care treatment.
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1. Introduction


The skin is our largest organ, an essential barrier towards the outer environment, a key protector of our organism from dehydration, pathogens, toxic chemicals, thermal deregulation. Its exposure and vulnerability are the source of frequent injuries. Repair and regeneration are extraordinary functions, being activated through unique cross-talk mechanisms of numerous cells, growth factors and cytokines [1]. The process of cutaneous wound healing can be divided into four overlapping phases: hemostasis, inflammation, proliferation/migration, and remodeling, involving vasoconstriction, platelet aggregation, antimicrobial effects, vascular leakiness, fibroblast proliferation, angiogenesis, collagen remodeling [2].



Unfortunately, the burden of worldwide vascular diseases, metabolic syndrome and aging has an impact on the rising number of patients with dysregulated healing wounds that can cause a major negative influence on the quality of life and on healthcare systems [3]. Despite important advances in wound care therapies, focused on skin repair and regeneration, there are still major limitations such as bacterial resistance and, especially, high costs. New efficient alternatives are desirable for wound healing therapy; traditional medicine is an important source of inspiration, since natural products were used as healing remedies from ancient times, and are still dominant therapeutic approaches in Asia, Africa or Latin America [1,2].



As a result of scientific progress, a large number of new active principles have been discovered, leading to an extensive knowledge of medicinal plants uses [4,5]. Artemisia species are included in the genus Artemisia, belonging to the Asteraceae family. These are aromatic, medicinal plants and culinary herbs [6]. Artemisia species are widespread in Asia, Europe and North America, in temperate, subtropical and cold regions [7]. Artemisia comprises about 500 species, including the three species that were selected for the present study: A. annua L. (AAn), A. absinthium L. (AAb), A. dracunculus L. (ADr). These species represent traditional remedies, being available in herbal shops.



The major bioactive types of phytocompounds that are described for Artemisia species are terpenoids, flavonoids, coumarins, acetylenes, caffeoylquinic acids and sterols [8,9,10]. A. annua, known as sweet wormwood is used as anti-malarial, anti-ulcer, anti-hyperlipidemic, anti-plasmodial, anti-convulsant, anti-inflammatory and anti-microbial remedy [11,12,13]. A. dracunculus, also called tarragon, a well-known culinary herb, was shown to possess antidiabetic effects due to the flavonoids in the composition [14]. Tarragon is also known as an analgesic, hypnotic, antiepileptic, anti-inflammatory and antipyretic, anticoagulant, antibacterial agent; more recent studies have proven its antioxidant, immunomodulating, anti-tumor activities, as well as hepatoprotective and hypoglycemic effects [15,16,17]. A. absinthium, or wormwood, has also been shown to possess several therapeutic effects: digestive, antiprotozoal, anthelmintic, antimicrobial, anti-inflammatory, cytotoxic, antioxidative, neuroprotective [18,19,20,21,22].



More recently, especially due to their polyphenolic content, Artemisia species were associated with healing potential, by reducing the number of inflammatory cells in the wounded area, with a positive impact on the progress of wound healing, improving the proliferation of human keratinocytes [23]. Still, there are not many studies that investigate the effect of the three Artemisia species regarding the underlaying mechanisms involved in the process of wound repair.



One important step in the process of tissue regeneration during the proliferative phase is represented by angiogenesis, the development of vessels from pre-existing ones, orchestrated by a sophisticated communication between cells, angiogenic factors and the surrounding tissues. Unfortunately, the process is mostly dysregulated in vascular diseases. Efforts are being directed toward the exploration of potential natural agents that can modulate the impaired reparative angiogenesis [24,25,26,27].



An experimental approach for this purpose is the chorioallantoic membrane (CAM) assay, considered an in vivo experimental alternative to animal models with advantages such as time, accessibility and costs. The method can be used to assess the angiogenic effects, but also to estimate the biocompatibility and the irritation potential of natural products [28,29].



In the present study, we investigated three Artemisia species available on the herbal market in Romania, A. annua, A dracunculus, A absinthium, regarding the phenolic content and profile of ethanolic extracts, next to in vitro antioxidant assessment, healthy keratinocyte viability and migration, as well as in vivo angiogenic and anti-irritative potential.




2. Materials and Methods


2.1. Plant Materials and Extraction


The plant material of the three Artemisia species in our study were purchased from herbal shops in Timisoara, Romania. All three species were represented by aerial parts of the plants, Artemisiae annuae herba (AAn), Dracunculi herba (ADr), Absinthii herba (AAb). The plant material of AAn and AAb were collected from Romania, while ADr, from Greece.



The dried plant material was grounded and stored in amber glass containers. Powdered dry plant material was extracted in ethanol 80% (v/v), (10 g dry weight/100 mL) by maceration for 15 min at room temperature, followed by ultrasound assisted extraction using the ultrasonic bath (Falc LCD series), for 30 min at 50 °C, 800 W and 40 KHz.



All samples were filtered and extracts were concentrated to dryness in a rotary vacuum evaporator (Heidolph Laborota 4000, Schwalbach, Germany) at 50 °C. Dried extracts (d.e.) were stored at −20 °C prior to use.




2.2. Chemicals


Methanol (99.9% purity, CAS No. 67-56-1) and acetic acid (99.9% purity, CAS No. 64-19-7) were purchased from Merck (Darmstadt, Germany) and used without further purification. Standard polyphenols: rosmarinic acid (CAS No. 20283-92-5), caftaric acid (CAS No. 67879-58-7), gentisic acid (CAS No. 4955-90-2), chlorogenic acid (CAS No. 327-97-9), caffeic acid (CAS No. 331-39-5), p-coumaric acid (CAS No. 501-98-4), ferulic acid (CAS No. 537-98-4), sinapic acid (CAS No. 530-59-6), hyperoside (CAS No. 482-36-0), isoquercitrin (CAS No. 482-35-9), rutin (CAS No. 153-18-4), myricetin (CAS No. 529-44-2), fisetin (CAS No. 345909-34-4), quercitrin (CAS No. 522-12-3), quercetol (CAS No. 117-39-5), luteolin (CAS No. 491-70-3), kaempferol (CAS No. 520-18-3) and apigenin (CAS No. 520-36-5) were purchased from Sigma-Aldrich (Germany). Folin–Ciocâlteu reagent (FC), gallic acid (GA, CAS No. 149-91-7), 2,2-diphenyl-1-picrylhydrazyl (DPPH, CAS No. 1898-86-4), ascorbic acid (AA, CAS No. 50-81-7), indometacin (CAS No. 53-86-1) and sodium dodecyl sulfate (SDS, CAS No. 151-21-3) were purchased from Sigma-Aldrich (Steinheim, Germany). Sodium carbonate anhydrous (CAS No. 497-19-8) was obtained from VWR International bvba (Leuven, Belgium). All used reagents were of analytical grade.




2.3. Cell Culture


The immortalized human keratinocytes (HaCaT cells) were kindly provided by the University of Debrecen, Hungary. The cells were cultured in high glucose Dulbecco’s Modified Eagle’s Medium (DMEM; Sigma-Aldrich, Taufkirchen, Germany) supplemented with antibiotic mixture to avoid contamination (Penicillin/Streptomycin 10,000 IU/mL; Sigma-Aldrich, Taufkirchen, Germany) and fetal bovine serum 10% (FCS; Sigma-Aldrich, Taufkirchen, Germany). The cells were kept in standard conditions-5% CO2, at a temperature of 37 °C.




2.4. Total Phenolic Content Determination


Total phenolic content (TPC) from Artemisia extracts was assessed using Folin-Ciocâlteu reagent [30,31,32] using an adapted method. The samples, represented by the diluted solutions of the dried extracts (1000 µg/mL), were pipetted into test tubes containing previously diluted (1:10) Folin Ciocâlteu’s phenol reagent and, after 5 min at room temperature, sodium carbonate solution (Na2CO3 75 g/L) was added. The mixture was vortexed for 15 s and then left to stand at room temperature for 2 h in the dark. Absorbance was measured at 760 nm using a UV-VIS spectrophotometer (T80+, PG Instruments Ltd., Lutterworth, UK). The calibration curve was established using gallic acid (0–200 µg/mL). Estimation of the phenolic content was carried out in triplicate. Total phenolic content was expressed as mg of gallic acid equivalents (GAE)/g of dry extract (d.e.).




2.5. Antioxidant Activity In Vitro


The evaluation of the antioxidant potential of the Artemisia extracts (AAn, AAb, ADr) was performed by the DPPH method [31,33,34], with slight modifications.



The assay is based on the DPPH reduction by the hydrogen donating antioxidants, leading to the discoloration and, subsequently, to the decrease of solution absorbance. Various concentrations (50–1000 µg/mL) of the Artemisia extracts or the pure ascorbic acid (AA) as control, in volumes of 0.2 mL, were added to 1.8 mL of freshly prepared 0.1 mM DPPH in ethanol. The mixture was incubated in the dark for 30 min, at room temperature. Absorbance was measured against blank samples, at 517 nm, using an UV-VIS spectrophotometer (T80+, PG Instruments Ltd., Lutterworth, UK). The decrease in the registered absorbance indicates a free radical scavenging activity. The antioxidant activity (AOA) was calculated as the scavenging capacity of free DPPH radical (in percentages) using the formula:


  AOA    ( % )  =  [     A 0  −  A s     A 0     ]  × 100  








where: A0 = absorbance of the blank sample and As = absorbance of the tested samples.




2.6. LC-MS


All vegetal extracts were analyzed by an LC-MS analytical method that enables the simultaneous screening and quantification of 18 polyphenols (rosmarinic acid, caftaric acid, gentisic acid, chlorogenic acid, caffeic acid, p-coumaric acid, ferulic acid and sinapic acid, hyperoside, isoquercitrin, rutin, myricetin, fisetin, quercitrin, quercetol, luteolin, kaempferol and apigenin), separated on a reverse phase Zorbax Eclipse Plus C18 column (3.0 × 100 mm × 3.5 µ) as previously described [35,36]. Briefly, the mobile phase consisted in a mixture of 0.1% acetic acid and methanol in gradient elution. The LC-MS parameters were the following: flow rate 1 mL/min, injection volume 10 µL, column temperature 40 °C, UV detection at 330 and 370 nm; the elution of all components was achieved in about 40 min. MS detection was achieved by electrospray ionization (ESI) in the single ion monitoring mode (SIM) in the negative ion mode, at the following parameters: capillary voltage 3500 V, dry gas flow 12 L/min at 350 °C, nebulizer pressure 55 psig and fragmentor 70. Calibration curves were conducted for the quantification of polyphenols by the external standard method in the 0.05–2 µg/mL range for a six-point plot for each compound. 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).



HPLC/LC-MS experiments were conducted on a 6120 LC-MS analytical system from Agilent (Santa Clara, CA, USA) consisting of 1260 Infinity HPLC equipped with G1322A degasser, G1311B quaternary pump, G1316A column thermostat, G1365C MWD detector and G7129A autosampler; the Quadrupolar (Q) mass spectrometer is equipped with an electrospray ionization source (ESI). The LC-MS system is controlled by OpenLAB CDS ChemStation Workstation software.



Sample solutions were diluted with methanol, homogenized with a WisdVM-10 vortex mixer (Witeg Labortechnik, Wertheim, Germany) and centrifuged for 2 min at 10,000 rpm in a ThermoMicro CL17microcentrifuge (Thermo Fisher Scientific, Boston, MA, USA). The supernatant was collected and submitted to LC-MS analysis.




2.7. Cell Viability Assessment by Alamar Blue Assay


The technique was performed in order to establish cells viability following stimulation with various concentrations of the extracts. The principle of the technique consists in the ability of viable cells to reduce resazurin to the fluorescent form, resorufin. The assay was performed as previously described by Cosarca et al. [37]. Briefly, 1 × 104 cells/well were cultured in 96-well plates and allowed to adhere. The second day, the cells were stimulated with different concentrations of the extracts (10, 25, 50, 100, 250, 500, 750 and 1000 µg/mL) for a period of 72 h. After the 72 h stimulation, 20 µL/well of Alamar blue (10% of the volume of cell culture medium) was added and the cells were further incubated at 37 °C for 3 h. Then, the absorbance was measured at 570 and 600 nm using the xMark Microplate spectrophotometer (BioRad, xMarkTM Microplate, Serial No. 10578, Tokyo, Japan).




2.8. Cell Cytotoxicity Assessment by LDH Assay


Lactate dehydrogenase (LDH) assay (CyQUANT, Thermo Fisher Scientific, Boston, MA, USA) was performed to determine the cytotoxic effect of the Artemisia extracts on HaCaT cells. Different concentrations were used, namely 10, 25, 50, and 100 µg/mL. The assay was performed as previously described by Ghitu et al. [38]. For the experiment, 5 × 103 cells/well were cultured in 96-well culture plates and left to adhere. On the second day, the cells were stimulated with the above-mentioned concentrations and incubated for 72 h. After the 72-h stimulation, a volume of 50 μL was transferred from each well into a new 96-well culture plate, mixed with 50 μL/well of the reaction mixture and further incubated at room temperature for 30 min. Then, 50 μL of stop solution was added to each well. The level of LDH release in the medium was determined at two wavelengths (490 and 680 nm) using the xMark Microplate spectrophotometer (BioRad, xMarkTM Microplate, Serial No. 10578, Tokyo, Japan).




2.9. Wound Healing Technique by Scratch Assay


The method called “wound healing assay” is the most common in vitro assay for cell migration ability, useful for describing the ability of keratinocytes to migrate and to restore the epidermal barrier affected by injury, a first step in the healing process. The assay was performed as previously described [19,39]. The migration capacity of HaCaT cells following stimulation with 100 µg/mL of each Artemisia extract was evaluated. In brief, 2 × 105 cells/well were cultured in 12-well plates and allowed to adhere. When a 90% confluence was reached, we used a sterile pipette tip in order to draw scratches in the center of the wells. Cells that detached following the procedure were removed by washing with phosphate-buffered saline (PBS) before stimulation. Then, the cells were stimulated with the extractive solutions (100 µg/mL). Pictures of the cells were taken at 0 and 24 h post-stimulation using an inverted microscope (Olympus IX73) provided with DP74 camera (Olympus, Tokyo, Japan). Image analysis for cell migration was performed by means of ImageJ (ImageJ Version 1.53k, https://imagej.nih.gov/ij/index.html, accessed on 4 November 2021) and GIMP software (GIMP v 2.10.24, https://www.gimp.org/, accessed on 6 January 2022).



The wound closure rate was calculated using the formula described by Felice et al. [40]:


   Wound   closure   rate     ( % )  =  [     A  t 0   −  A t     A  t 0      ]  × 100  








where: At0 is the scratch area at time 0; At is the scratch area at 24 h.




2.10. The Chorioallantoic Membrane Assay


The evaluation of the active potential of Artemisia sp. was also performed in vivo, in order to assess the modulatory effect on angiogenesis with an important role in tissue healing and toxicity [40]. The in ovo chorioallantoic membrane (CAM) assay was performed. The fertilized chicken (Gallus gallus domesticus) eggs were incubated in controlled humidified atmosphere at 37 °C. On the third day of incubation, 4–5 mL of egg white were removed so that the developing chorioallantoic membrane could detach from the inner shell. The following day, a window was cut on the upper shells and resealed to avoid dehydration; the incubation continued until the experimental process [41,42].



To investigate the potential influence on the angiogenesis process of Artemisia extracts, samples were prepared in concentrations of 100 µg/mL in 0.5% DMSO and volumes of 5 µL were applied inside plastic rings previously placed on CAMs on the 8th day of incubation. All tested specimens were daily monitored by stereomicroscopy (ZEISS SteREO Discovery.V8, Göttingen, Germany). Images were registered and processed by Axiocam 105 color, AxioVision SE64. Rel. 4.9.1 Software, (ZEISS Göttingen, Germany), ImageJ (ImageJ Version 1.53k, https://imagej.nih.gov/ij/index.html, accessed on 4 November 2021) and GIMP software (GIMP v 2.10.24, https://www.gimp.org/, accessed on 6 January 2022).




2.11. The Anti-Irritant Effect In Ovo by the HET CAM Method


Using the same biological material as for the angiogenic evaluation, the anti-irritant effect of the Artemisia extracts was assessed by applying a modified protocol of the HET-CAM test (hen egg test chorioallantoic membrane assay), which is known as an alternative protocol for evaluating the potential irritative effect of compounds intended for ophthalmic and dermatologic products, or as a method of assessing in vivo biocompatibility [43,44,45]. The protocol used here was an adapted alternative to the HET-CAM method as recommended by ICCVAM [46]. The anti-irritative approach was used after Wilson et al. [47] to assess the potential beneficial preventive effects of the extracts when in contact with an irritant agent.



The fertilized eggs prepared as described above were incubated until the 9th day of incubation.At this point, by stereomicroscope assistance, 0.3 mL of the control or test samples were applied to the membrane; then, after 20 min, the irritating solution of sodium dodecyl sulfate (SDS) was applied (0.5%). The tested membranes were monitored over a period of 300 s, by means of a stereomicroscope; the time for the occurrence of the selected parameters (hemorrhage, H; vascular lysis, L; coagulation, C) was recorded in seconds. The irritation score (IS) was then calculated using the followig equation:


  IS = 5 ×  [    301 − Sec   H   300    ]  + 7 ×  [    301 − Sec   L   300    ]  + 9 ×  [    301 − Sec   C   300    ]   








where, hemmorrhage (Sec H) = start of observation (in seconds) of bleeding reactions on the membrane, lysis time (Sec L) = start of observation (in seconds) of lysis of the vessel on the membrane, coagulation time (Sec L) = start of observation (in seconds) of the formation of coagulation on the membrane.



The positive control was considered treatment only with sodium dodecyl sulfate (SDS), while the negative control was treatment with just distilled water. DMSO in a concentration of 0.5% was also tested as solvent control; indometacin represented the anti-inflammatory control.




2.12. Statistical Analysis


Statistical analysis was performed with GraphPad Prism 5 software (San Diego, CA, USA). For the in vitro results; comparison among the groups was performed using the one-way ANOVA followed by Dunnett’s multiple comparison test (* p < 0.05; ** p < 0.01; *** p < 0.001). Data were represented as Mean ± SD.





3. Results


3.1. Total Polyphenolic Content


The obtained experimental data allowed the calculation of the equation resulted from the standard curve, y = 0.009x + 0.1865, R2 = 0.9798.



The total phenolic content, expressed in mg GAE/g dry extract, as indicated in Table 1, reached the highest value of 193.61 ± 2.36 the case of AAb extract. The value of the total phenolic content for the AAn and ADr extract had lower values of 129.28 ± 2.09 and 144.28 ± 1.87, respectively.




3.2. Good Radical Scavenging Activity of Artemisia Species


The antioxidant activity of the samples was evaluated using the DPPH assay.



In Figure 1 is shown the AOA% (antioxidant activity %) of the studied extracts next to the standard compound, ascorbic acid 50 µg/mL. It can be observed that the antioxidant activity is directly proportional to the concentration of the extracts.



Artemisiae annue herba—AAn induced an antioxidant activity of 24.14 ± 0.6% for the lowest tested concentration AAn at 50 µg/mL and goes up to 90.04 ± 2.25% for AAn at 1000 µg/mL. The AOA% values for the AAn extracts show a comparable antioxidant activity with the one of the standard-ascorbic acid, starting with AAn 100 µg/mL. At higher concentrations, 250, 500 and 1000 µg/mL a much intense AOA as compared to the standard antioxidant can be observed.



The antioxidant activity of A. dracunculus ranged from 24.66 ± 0.63% (concentration 50 µg/mL) to 88.37 ± 2.25% (concentration of 1000 µg/mL). In addition, we determined in this study the AOA% for the A. absinthium extract and the values started at 22.03 ± 0.52% for the lowest concentration of 50 µg/mL and increased to 86.87 ± 2.15% for the highest concentration of the extract.



All three tested extracts induced an important antioxidant effect, above 100 µg/mL, comparable to the effect of 50 µg/mL AA. At this particular concentration, of 100 µg/mL, A. dracunculus had a higher antioxidant capacity (33.65 ± 1.98%) than the standard AA (30.57 ± 1.02%).



Although the antioxidant capacity of the three Artemisia species showed similar effects, by comparing the values obtained for concentrations of 1000 µg/mL, the AOA capacity fall in the following order: AAn > ADr > AAb. Still, interestingly, above the concentration of 100 µg/mL up to 1000 µg/mL, the most potent extract is the one obtained from tarragon (ADr).




3.3. Polyphenols and Phenolic Acids in Artemisia Species


LC-MS analysis of sample extracts of Artemisia dracunculus L. (ADr), Artemisia annua L. (AAn) and Artemisia absinthium L. (AAb) were conducted under identical solution and instrumental conditions. The obtained results revealed the identification and in some cases quantification, according to their Rt and m/z values, of a total of 11 polyphenols in all analyzed extracts combined with some differences in terms of their expression in each extract (Table 2). Identified polyphenols fall into polyphenolic acids group, cinnamic acid derivatives, and flavonoids, flavones and flavonols respectively. Identified phytocompounds were gentisic acid, chlorogenic acid, caffeic acid, ferulic acid, isoquercitrin, rutin, quercitrin, quercetol, luteolin, kaempferol and apigenin, expressed as µg/mg d.e. The most important polyphenols identified in all extracts, consistent with their concentration, were chlorogenic acid, rutin and quercetol, the most abundant one being chlorogenic acid. Meanwhile, gentisic acid, caffeic acid, ferulic acid, isoquercitrin, quercitrin, luteolin, and apigenin were identified in smaller concentrations, or even in traces, falling below the limit of quantification in some cases. Some differences regarding the expression of polyphenols in the three types of extracts were spotted out, such as quercitrin and isoquercitrin, identified in AAb and AAn extract, but not in ADr extract, concurrently, kaempferol, which was found only in ADr extract, in a substantial amount. The expression of the dominant compound, chlorogenic acid respectively, was almost equivalent in AAn and ADr extracts, while AAb exhibited a concentration almost four times lower. The richest extract consistent with the concentration of identified compounds was ADr, while AAb contained the lowest amounts.




3.4. Human Keratinocyte Viability and Cytotoxicity


The effect of the Artemisia extracts—Artemisia annua L. (AAn) Artemisia absinthium L (AAb), Artemisia dracunculus L. (ADr), was evaluated on HaCaT keratinocytes after a stimulation period of 72 h (Figure 2). The Control group is represented by cells treated with the solvent dimethyl sulfoxide (the DMSO concentration did not exceed 0.5%). In Figure 2a, it can be observed that AAn, at concentrations ranging from 10 to 250 µg/mL, produced a significant increase in cells viability. Only at higher concentrations, 500–1000 µg/mL, was a decrease in cells viability noticed. A similar effect was obtained for AAb (Figure 2b) and ADr extracts (Figure 2c).



The highest increase in keratinocytes viability was induced by the sweet wormwood, followed by the wormwood extract and last by the tarragon extract (AAn > AAb > ADr). In terms of decreasing the cells viability, the most significant reduction was obtained at the highest concentration, 1000 µg/mL, for AAn—cells viability was 15.8 ± 2.6% vs. Control; for AAb—cells viability was 22.6 ± 0.4% vs. Control; for ADr—cells viability was 21.6 ± 1.4% vs. Control.



Figure 3 depicts the effect of the Artemisia extracts on LDH release. At the tested concentrations, for all samples, no cytotoxic effect was observed compared to Control. Moreover, a decrease in LDH release was obtained following stimulation with the extracts. We determined the cytotoxic effect at these concentrations by analyzing the viability assay results, where an increase in cells viability was obtained and we intended to add a proof that the human keratinocytes were not affected by these extracts.




3.5. Wound-Healing Effect In Vitro on Human Keratinocyte


This experimental model was performed using healthy keratinocyte cells, in order to explore the ability of the three Artemisia extracts to stimulate cells migration, a process that can be considered a first phase of lesion regeneration and can be correlated with wound closure, thus with the reduction of the open and vulnerable surface.



Representative images of HaCaT cells are presented in Figure 4. The Control group is represented by cells treated with the culture medium, while the DMSO group represents cells treated with the solvent dimethyl sulfoxide. As shown in Figure 4, AAn and AAb extracts produced, at 100 µg/mL, almost a complete restoration of the scratch area, with wound closure rates of 98.55 ± 0.64% and 97.84 ± 1.98%, respectively, thus, indicating that the samples stimulated keratinocytes migration and wound closure. The ADr extract, at 100 µg/mL, increased cell migration with a wound closure rate of 89.65 ± 2.18%. The scratch closure percentage was lowest for the solvent used, DMSO (71.13 ± 5.69%).




3.6. Angiogenesis Modulation on CAM Assay


For the in vivo evaluation of the potential influence upon the wound healing process, we selected the 100 µg/mL concentration for the three Artemisia extract solutions, based on the fact that, at this concentration, the antioxidant effect was significant; when tested on the HaCaT cell viability, at this concentration, there was an increase in the viability of the cells, compared to higher concentrations that induced a reduction in cell viability.



The samples were assessed by evaluating the effect on the physiologic angiogenic process, starting with the 8th day of incubation. The rapid growth of the vessels took place from day 7 up to day 11 of incubation [48].



The effect was evaluated 24 h and 72 h after treatment, as represented in Figure 5. After one dose at 24 h post treatment, no relevant modifications were observed concerning the normal developing vessel architecture. Visible changes were noted after 3 doses at 72 h after treatment; different effects were observed for the three Artemisia extracts. An increase in the number of small vessels was induced by the AAn extracts, while the ADr also increased the number of bigger vessels inside the ring with a spokes–wheel pattern, compared to the control specimens. The vascular network was less affected by the AAb at 100 µg/mL concentration, inducing after 72 h post-treatment a lower increase in vessel growth; still, a significant number of small new forming capillary branches, derived from main vessels, were present.



With potential pro-angiogenesis effects at the tested concentration, extracts of sweet wormwood and tarragon may be especially beneficial in the vascular phase of wound healing. All the solutions showed good tolerability, with no influence upon embryo viability.




3.7. Anti-Irritant Effect Evaluated Using the HET-CAM Assay


Using a modified version of the HET-CAM protocol for the irritant effect, we assessed here the ability of the tested extracts to exert preventive and anti-irritative effects upon exposure to the irritant agent sodium dodecyl sulfate (SDS 0.5%). As shown in Figure 6, the results obtained after stereomicroscopic monitoring for 5 min reflected the degree of irritation reduction compared to the sample treated only with SDS. The study also included, as anti-inflammatory control, indometacin.



Comparing the irritative scores (Table 3) of the plant extracts at the concentration of 100 µg/mL with the score obtained by SDS alone, it is noticeable that a reduction of the IS was registered for all three extracts. The IS values calculated for the Artemisia extracts were also reduced compared to the solvent control; yet, the irritation scores were still higher when compared to the anti-inflammatory agent (IS = 16.69). According to the irritation scale recommended by Luepke [49], the irritation scores can be classified as following: 0–0.9—non-irritant, 1–4.9 weak irritant, 5–8.9 moderate irritant, 9–21 strong irritant.



Within this experimental setting, for the evaluated concentration of the extracts, a similar anti-irritative effect was noticed for all three extracts, with AAn inducing the strongest effect (IS = 18.38), followed by ADr (IS = 19.01) and AAb (IS = 19.69).





4. Discussions


The management of the complicated disruptive wound healing processes is a real challenge that is confronted with limitations of the health systems. Thus, effort is made to identify low costs alternatives, especially of natural origin, efficient activators of the complex process of wound healing. Medicinal plants, with high content of polyphenolic compounds, are an important approach to reduce the high levels of oxidative stress that, in most cases, affects the healing process. Hence, in our study, we focused on the phenolic profile of our extracts, in correlation with their potential antioxidant activities. Likewise, the DPPH radical scavenging activity assay was performed in order to evaluate the antioxidant capacity of the three Artemisia extracts. A great number of natural compounds are also essential as antimicrobial agents, next to stimulating skin cell proliferation, migration or modelling the disruptive vascular process, thus, acting as multiple targeting active agents in the wound microenvironment [50,51,52].



In the current study, we selected three Artemisia species (A. annua, A dracunculus and A. absinthium) with a background in traditional skin ailment therapy and available on the herbal market of our country [53]. Confirmatory studies of the potential benefits in wound healing and regenerative medicine are still lacking; therefore, we intended to contribute with data concerning the phytochemical and bioactive potential of ethanolic extracts of the three Artemisia species.



Based on previous studies [54,55,56] that showed important content in polyphenolic compounds and lacking potential topical toxicity due to residual solvent remanence after drying, we selected to explore here the content in phenolic compounds of the 80% ethanolic extracts. The influence of the solvent on the antioxidant potential and chemical composition of Artemisia annua leaves extract was investigated by Iqbal et al. [54]. In terms of TPC, they concluded that the most efficient solvent for the extraction of phenolics from the leaves of AAn are methanol and water, and the less efficient were chloroform and hexane. In the case of the methanolic extract, the TPC was of 134.50 ± 4.37 mg/g. The extract of Artemisia annuae herba tested in our study contains 129.28 ± 2.09 mg GAE/g dry extract, using an ethanolic extract and the whole aerial part of the plant.



Kozlowska et al. [55] evaluated the antioxidant potential and the phenolics found in various dried and fresh plants, tarragon (Artemisia dracunculus L.) being one of them. For the extracts preparation the aerial part of the plant and 70% (v/v) ethanol were used and the TPC was 32.91 ± 0.68 g GAE/kg extract in case of fresh plant material, while, in the case of dried tarragon, 42.53 ± 0.93 g GAE/kg extract was obtained. Others obtained TPC values for methanolic tarragon extract in the range 97.2–253.5 mg GA/g, with a mean value of 151.6 mg GA/g, while for the water extract the range was 59.5–198.3 mg GA/g, and the mean value 102.8 mg GA/g [56]. Therefore, it can be said that the methanolic extract has the closest value to the one obtained by us for the A. dracunculus total phenolic content.



The regional area of A. absinthium L. collection influenced the total polyphenolic content of the extract, according to Msaada et al. [57]. The maximal value of TPC was 99.89 ± 3.30 mg GAE/g dried weight, obtained with vegetal material collected from Kairouan region. In the other regions, the TPC (expressed as mg GAE/g dried weight) had lower values, such as 83.70 ± 1.31 in Bou Salem, 72.05 ± 1.83 in Boukornine and 49.39 ± 2.20 in Jerissa.



A total phenolic content of 194 ± 9.7 mg gallic acid equivalent/g extract was reported by Ebrahimzadeh et al. [58] for Artemisia absinthium L. The extract was prepared using the aerial parts of the plants collected from Iran and methanol as extracting agent. The value reported for the TPC by Ebrahimzadeh et al. is similar to our results (193.61 ± 2.36 mg GAE/g dry extract). In addition, Bora and Sharma presented in their work a value of TPC of 123 ± 0.82 mg GA equivalents per gram of extract, for A. absinthium (methanolic extract); the extract was made from aerial parts and was procured from Himalaya Herbs Stores, India [59].



Therefore, from all the results presented above it is noticeable that the TPC is influenced by factors like the nature of the extracting agent, the region of the plant collection, the part of the plant used. The highest TPC was obtained for the wormwood extract, followed by the tarragon and then by the sweet wormwood ethanolic extract. The TPC established in our work for the three Artemisia extracts indicates important polyphenolic content of the dry medicinal products available on the market in Romania, being comparable to literature data.



Investigating the free radical scavenging capacity of the three extracts in a concentration range from 50 to 1000 µg/mL, our results indicated important antioxidant activities. Extracts in concentrations as high as 100 µg/mL had comparable AOA% with ascorbic acid (50 µg/mL) used as standard antioxidant agent. For higher concentrations, the antioxidant activities reached values over 90%, in a dose-related manner for all three species. Kim et al. [60] investigated the properties of Artemisia annua L. extracts obtained using different extractants such as water, 80% methanol, 80% ethanol and 80% acetone by the DPPH radical scavenging method. In the study conducted by Kim, the antioxidant activity at a concentration of 0.6 mg/mL ethanolic extract was 57.0 ± 1%, slightly lower than 77.71 ± 1.94% obtained by us for a concentration of 500 µg/mL (0.5 mg/mL).



A. dracunculus leaves and inflorescence in a methanolic extract, used in the work of Khezrilu Bandli and Heidari showed similar DPPH (%) values for the leaves and inflorescence extracts (86.43 ± 0.15% and 92.03 ± 0.11%, respectively) [61]. Lower values were obtained for A. absinthium extract prepared from leaves and stems using ethanol 80% as extractant; for a concentration of 1.4 mg/mL the leaves extract had 49.47 ± 0.015% and the stem extract had 56.84 ± 0.026% inhibition [19].



The most numerous studies regarding the three species consider their terpenoid-rich composition; however, their antioxidant effects were moderate. However, the extracts in polar solvents from plant products of the three species of Artemisia have been investigated, regarding the antioxidant effect. Studies have shown that the most concentrated compounds in tarragon are phenolic acids, especially gallic acid, synaptic acid, syringic acid, and the strong antioxidant activity can be accounted for by the high number of hydroxyl groups and the presence of type 2-carboxyl groups [61]. Wormwood is more concentrated in flavonoids next to phenolic acids, and values obtained in other studies indicate an antioxidant potential similar to sweet wormwood or tarragon [62]. Sweet wormwood is studied in most cases due to the presence of the sesquiterpene lactone artemisinin. We observed in the HPLC evaluation (data not shown), that artemisinin was not present in any of our extracts, as previously reported with significant degradability over storage [63]. Thus, the Artemia species tested here, as dried plant material available on the market, are valuable sources of polyphenols and antioxidant products.



The three Artemisia ethanolic extracts are concentrated in phenolic acids, mainly chlorogenic acid, with some differences between species. The highest content in chlorogenic acid was obtained for sweet wormwood, followed by a similar concentration in tarragon, while wormwood was three times less concentrated. As shown by others [64], this may explain the angiogenic activity reported here using the chorioallantoic membrane assay. Chlorogenic acid and flavonoids such as quercetin, kempferol and rutin were also identified in relevant concentrations in the tarragon extract only. A. annua polyphenolic profile was thoroughly investigated by Yi Song et al., who analyzed extracts from flowers, leaves, stems and roots by LC/MS/MS that revealed a rich polyphenolic content, out of which the most abundant compounds were caffeic acid derivatives [65]. Consistent with our findings, the group of Mumivand et al. investigated the polyphenolic content extracted from A. dracunculus, the LC analysis revealing a similar profile as the one identified by our group, phenolic acids out of which chlorogenic acid being the dominant one, accompanied by flavonoids [66]. In a similar approach, the polyphenolic profile of A. absinthium extract disclosed a vast phytocompound content, phenolic acids, in particular chlorogenic acid and p-coumaric acid being accountable as major components [57].



Great variability in the phytocompound profile and concentration are distinguished from the available literature data, and significant differences are accounted on the climate, soil, part of the plant, collection variables and extraction protocols. Once again, it reflects the importance of extract standardization worldwide.



The viability of healthy keratinocytes was assessed after exposure to the Artemisia extracts. Exposed to concentration of 100 µg/mL and 250 µg/mL the keratinocyte viability was not hindered, displaying even stimulatory effects in the Alamar blue assay 72 h following treatment. Wormwood extract at the concentration of 500 µg/mL also did not influence the viability of HaCaT cells; however, sweet wormwood and tarragon extracts at concentrations of 500 µg/mL and above decreased cells viability; thus, the recommended concentrations for wound healing purposes are up to 250 µg/mL. The effects of various Artemisia species were previously reported on different skin cells [67,68]. A study conducted on A annua in concentration of 100 µg/mL showed no inhibitory effects on the viability of normal fibroblasts [68]. Oh et al. indicated that Artemisia princeps Pampanini extract did not display a cytotoxic effect on HaCaT cells at concentrations up to 500 µg/mL (62.5, 125, 250 or 500 µg/mL) [67]; in addition, Artemisia apiacea showed no cytotoxicity towards HaCaT in concentration up to 200μg/mL [69].



Artemisia absinthium from Serbia [70] was also evaluated and, generally, concentrations below 400 µg/mL showed no cytotoxic effect on keratinocytes, while a Romanian cultivated wormwood extract showed a decrease in HaCaT cells, only at 1000 µg/mL [19]. Another study tested collagen scaffolds containing Romanian A. absinthium extract rich in luteolin and quercetin, and results showed, 5 days following treatment, an improve in fibroblast and keratinocyte proliferation to a higher extent than collagen alone. [71].



Our data regarding the three Artemisia species, AAn, AAb and ADr, indicated no toxicity towards HaCaT cells at doses up to 250 µg/mL. We further investigated the potential cytotoxicity through the LDH assay obtaining a confirmation of the lack of cytotoxicity for the healthy keratinocytes upon treatment with all three Artemisia species up to 100 µg/mL.



Interestingly Artemisia capillaris ethanolic extract from Korea, in concentration of 37.5 µg/mL induced an antiproliferative effect on healthy keratinocytes and, thus, considered as a potential anti-psoriatic agent [72].



The in vitro scratch assay exhibited wound closure capacity in healthy human keratinocytes after treatment with 100 μg/mL for all three Artemisia species, indicative for a pro-migratory and proliferative effect of keratinocytes during a wound healing process. Extracts in concentration of 100 μg/mL induced after the drawing of the scratch line, 24 h following treatment, a cellular density higher than the control. There are fewer studies that investigate in vitro the migratory potential of healthy keratinocytes for Artemisia species. Moaca et al. investigated the migratory potential of Romanian wormwood, and up to 250 μg/mL for the leaves and 500 μg/mL for the stems a pro-migratory effect was reported, while only higher concentrations induced a decrease in the migratory capacity oh HaCaT cells [19]. A. asiatica in concentrations as low as 5 μg/mL restored the proliferative and migratory potential of keratinocytes after cisplatin induced inhibition [73].



Other studies involving the wound healing potential of Artemisia species use animal models. A. absinthium from Algeria evaluated as an ointment on a rat model improved wound contraction comparable to the control allantoin ointment [74]. A. dracunculus with chitosan nanoparticle biofilm induced significant improvement of wound contraction on rats compared to the other treatment groups [75].



With a high TPC and a potent radical scavenging activity, the effects on the viability and migration potential of healthy keratinocytes of the wormwood extract investigated here, although less concentrated in the phenolic compounds screened in this study, may be related to other phytocompounds such as chalcones, cinnamic acid, artemetin as previously shown by others [74].



The skin wound healing process involves a cascade of complex events including angiogenesis. The angiogenic activity was assessed by the CAM model and a visible increase of new vessel formation was observed 72 h after treatment with concentrations of 100 μg/mL, compared to Control specimens. Slight differences between the three tested extracts were noted, with A. dracunculus and A. annua inducing the more pronounced effect. Limited studies investigated the angiogenic potential of the three Artemisia species. Several data indicate the anti-angiogenic effect, but for different species, such as A. sieberi [76], A. capillaris in a polyherbal anti-obesity preparation [77] or A. herba-alba essential oil [78]. Other studies involving A. annua, showed that mostly sesquiterpenoid artemisinins are responsible for the anti-angiogenic effect [79,80]. However, the pro-angiogenic effect induced in ovo using the CAM assay can be explained based on the dominant phenolic compound in all three extracts, chlorogenic acid, and its hormetic behavior reported as a proangiogenic agent at small concentrations of 10 μg/mL, significantly increasing endothelial cell migration and stimulating capillary tube formation [64,81,82].



Finally, using the in ovo chorioallantoic membrane, and a modified HET-CAM protocol, we assessed the anti-irritative potential of the three extracts in concentrations of 100 μg/mL. The assay allowed observing the potential preventive and healing capacities of the extracts when exposed to a highly irritant agent, sodium dodecyl sulfate. Although the results did not show a major improvement of the damaged vascular area, limitative effects can be underlined as the irritation score obtained for the three extracts indicated a superior effect as compared to the solvent control alone. A. annua and A dracunculus showed a slightly higher anti-irritative effects.



The three Artemisia species available on the herbal market in Romania investigated as 80% ethanolic extracts displayed a high content in phenolic compounds, with different phytochemical profile following LC-MS analysis. All extracts showed chlorogenic acid as dominant polyphenol; A. annua and A. dracunculus revealed to be almost three times more concentrated than A. absinthium. Still, accounting for high TPC values; similar biological effects were registered by the three species, in terms of in vitro radical scavenging activity, proliferative and pro-migratory effects on keratinocytes. The angiogenic process was also promoted by all three extracts in concentration of 100 μg/mL, with a different, more pronounced impact in the case of A. annua and A. dracunculus. Moreover, potentially beneficial in alleviating skin irritation, the three Artemisia extracts are safe to use on cutaneous and mucosal tissues.




5. Conclusions


We demonstrated the effective promotion of normal keratinocyte proliferation and migration by the three Artemisia extracts. Up to a concentration of 100 μg/mL the extracts enhanced cell viability, restored wound closure and slightly reduced the irritation induced by SDS in ovo. Angiogenesis was activated by increasing new vessel formation, especially by A. annua and A. dracunculus extracts with significantly higher content of chlorogenic acid. The high total phenolic content and the significant radical scavenging activities of the three Artemisia extracts are important features potentially improving the wound healing dysregulated microenvironment. The three Artemisia species, easily available on the herbal market, may represent low-cost alternatives, benefitting from a multi-targeted mechanism and a safe profile, hence applicable in the design of novel wound dressing preparations for wound care management.
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Figure 1. Antioxidant activity of the AAn, ADr and AAb extracts. 
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Figure 2. HaCaT cells viability 72 h after stimulation with the extracts (a—AAn, b—AAb, c—ADr) at different concentrations (10, 25, 50, 100, 250, 500, 750 and 1000 µg/mL). Data are expressed as mean ± SD. One-way ANOVA and Dunnett’s multiple comparison post-test were used for comparison among groups (** p < 0.01, *** p < 0.001 vs. Control). 
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Figure 3. The cytotoxic effect of the extracts (AAn, AAb, ADr) at different concentrations (10, 25, 50, and 100 µg/mL). Data are expressed as mean ± SD. One-way ANOVA and Dunnett’s multiple comparison post-test were used for comparison among groups (* p < 0.05, ** p < 0.01, *** p < 0.001 vs. Control). 
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Figure 4. (a) Microscopic images representing the HaCaT cells treated with the three extracts of Artemisia species (100 µg/mL), initially at 0 h and at 24 h, respectively, visualized by light microscopy at 10× magnification; (b) Results were expressed as wound closure percentage after 24 h compared to the initial scratch length. Mean values ± SD of three independent experiments (n = 3). 
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Figure 5. Stereomicroscopic images showing the effects produced by the Artemisia extracts on the CAM; images are represented initially at 0 h, 24 h and 72 h post-treatment, for the solvent control DMSO and the three Artemisia extracts; scale bars represent 500 µm. 
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Figure 6. Stereomicroscopic images showing the effects induced by the Artemisia extracts on the CAM using the anti-irritative HET-CAM assay; images represent the initial moment, before application of the irritant SDS 0.5% (t0), and 5 min after application of the irritant (t5); DMSO represents the solvent control and indometacin, the anti-inflammatory control; scale bars represent 500 µm. 
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Table 1. Total phenolic content of Artemisia extracts.
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	Extract
	Total Phenolic Content

mg GAE/g Dry Extract





	AAn
	129.28 ± 2.09



	ADr
	144.28 ± 1.87



	AAb
	193.61 ± 2.36
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Table 2. Identified polyphenols by LC-MS.
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	No.
	Compound Name
	Rt

(min)
	[M − H+]+

(m/z)
	AAn

(µg/g d.e.)
	AAb

(µg/g d.e.)
	ADr

(µg/g d.e.)





	1.
	Gentisic acid
	2.67
	153
	ND
	NQ
	NQ



	2.
	Chlorogenic acid
	6.45
	353
	12.4
	3.15
	11.77



	3.
	Caffeic acid
	6.97
	179
	0.06
	0.009
	NQ



	4.
	Ferulic acid
	13.91
	193
	ND
	ND
	NQ



	5.
	Isoquercitrin
	22.50
	463
	0.5
	0.15
	ND



	6.
	Rutin
	23.01
	609
	0.4
	0.33
	2.87



	7.
	Quercitrin
	26.18
	447
	0.9
	0.73
	ND



	8.
	Quercetol
	30.38
	301
	0.11
	0.07
	5.54



	9.
	Luteolin
	32.78
	285
	NQ
	NQ
	ND



	10.
	Kaempferol
	35.63
	285
	ND
	ND
	4.44



	11.
	Apigenin
	36.91
	269
	NQ
	NQ
	NQ







Notes: ND—not detected, below the limit of detection; NQ—not quantified, below the limit of quantification.
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Table 3. The irritative scores of the analyzed samples in the anti-irritative HET-CAM assay.
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	Samples
	Irritative Score





	AAn
	18.38



	ADr
	19.01



	AAb
	19.69



	DMSO
	20.13



	SDS
	20.36



	Indometacin
	16.74
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