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Abstract

:

Artemisia species are used as folk medicines in several countries. This work was aimed to shed more light on the effect of methanol, water, ethyl acetate extracts, and essential oil (EO) of A. santonicum on selected enzymes (cholinesterase, tyrosinase α-amylase, and α-glucosidase) as well of their antioxidant and pharmacological effects. The chemical profile of the essential oil was determined using gas chromatography coupled to mass spectrometry (GC-MS) analysis, while the extracts were chemically characterized by high performance liquid chromatography coupled to mass spectrometry (HPLC-MS). Forty-nine constituents were identified and camphor (36.6%), 1,8-cineole (10.2%), α-thujone (10.1%), borneol (4.5%), and β-thujone (3.6%) were the major components. Overall, 45, 74, and 67 components were identified from the ethyl acetate, methanol, and water extracts, respectively. The EO and extracts showed significant antioxidant properties, in a cell-free model; particularly, methanol and water extracts revealed promising sources of antioxidant compounds. Additionally, we evaluated protective effects of EO and extracts in isolated rat colon tissue challenged with lipopolysaccharide (LPS), as an ex vivo model of colon inflammation, and human colon cancer HCT116 cell line. Particularly, we observed that, among all tested samples, A. santonicum ethyl acetate displayed the best pharmacological profile, being able to blunt LPS-induced levels of all tested biomarkers of inflammation and oxidative stress, including colon nitrites, lactate dehydrogenase, prostaglandin E2, and serotonin. Additionally, this extract was also able to reduce HCT116 cell viability, thus suggesting potential antiproliferative effects against colon cancer cells. Based on our results, A. santonicum has great potential for developing novel functional agents including pharmaceuticals, cosmeceuticals, and nutraceuticals.
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1. Introduction


The genus Artemisia is one of the most important genera in Asteraceae family, comprising about 500 species [1]. Artemisia members have specific scents or tastes, and are ingredients in the preparation of liqueur in food industry [2,3,4]. Several Artemisia species have been traditionally used in wide plethora of inflammatory and infectious diseases [5,6].



Phytochemical investigations revealed the occurrence of flavonoids [7,8], coumarins [9,10], polysaccharides [11], sterols [12], terpenoids [13,14], and essential oils [15]. The strong and aromatic smell of some species of Artemisia genus is due mainly to the presence of volatile terpenes in high concentrations, as components of their essential oils, especially in leaves and flowers [1,16]. One of the most important drugs derived from this genus is artemisinin, the antimalarial isolated from A. annua [2,15].



In Turkish flora, Artemisia are represented by 26 species. Among them, A. santonicum L., commonly known as Yavşan in Turkey, has been used as a folk remedy in the treatment of diabetes [17]. In literature, there are only a few reports regarding the chemical profile of essential oil and extracts, and biological properties of this species. So far, only the antifungal, antibacterial [18], and anti-diabetic properties of A. santonicum have been reported. Based on aforementioned facts, this study was designed to unveil the chemical composition and pharmacological properties of essential oil and extracts of A. santonicum. Antioxidant effects were assayed by several methods, such as quenching of free radicals, reduction ability, metal chelating, and phosphomolybdenum. Tyrosinase, α-glucosidase, α-amylase, and cholinesterases (AChE and BChE) were considered in the enzyme inhibitory assays. Additionally, considering the promising use of Artemisia species in blunting clinical symptoms related to inflammatory bowel diseases [19,20], we evaluated EO and extract protective effects in isolated rat colon, assaying selected biomarkers of inflammation and oxidative stress, including colon nitrites, lactate dehydrogenase (LDH), prostaglandin (PG)E2, and serotonin (5-HT). Finally, we evaluated potential antiproliferative effect against the selected human colon cancer cell line.




2. Materials and Methods


2.1. Plant Material and Extraction Procedures


Samples of A. santonicum were collected from full bloom wild plants at June 2018 between Ankara and Çankırı (Turkey, GPS: 40°08′49″ N, 33°18′52″ E), and botanical identification was carried out by Dr. Ismail Senkardes from Marmara University (Istanbul, Turkey), where the voucher specimen is deposited (no. MARE-19851). The aerial parts of the plant, previously dried in the dark in ventilated oven (at 35 °C), were further powdered and subjected to extraction processes.



Methanol and ethyl acetate were selected as extraction solvents in the maceration techniques (5 g plant samples were mixed with 100 mL of each solvent for 24 h). After that, the extracts were filtered and evaporated in vacuo at 40 °C. Water extract was prepared as traditional infusion (five grams of plant samples were infused with one hundred mL of boiling water for 20 min). The infusion was filtered and then dried (freeze drying). All extracts were stored at 4 °C and protected from the light until analysis.




2.2. Isolation and Analysis of the Essential Oils


The essential oil was isolated by hydrodistillation method using a Clavenger apparatus (100 g plant materials in 2 L water submitted for 5 h). The obtained oils (yield: 0.25%) were dried with sodium sulphate and then kept at 4 °C until being analyzed.



Agilent 5975 GC-MSD system coupled to an Agilent 7890A GC (Agilent Technologies Inc., Santa Clara, CA, USA) was used to determine chemical profile of the obtained essential oil (in n-hexane). HP-Innowax FSC column (60 m × 0.25 mm, 0.25 μm film thickness) was used as column and all analytical parameters have been reported in our previous paper [21]. We calculated retention index of each components by using a homologous series of n-alkanes (C8–C30), under the same experimental conditions. In order to further provide identifications, we compared unknown compound spectra with libraries such as NIST 05 and Wiley eighth version.




2.3. Liquid Chromatography Analysis


Untargeted high performance liquid chromatography (HPLC) qualitative analysis was performed in order to determine the secondary metabolite fingerprint profile of A. santonicum extracts and essential oil (EO). The accurate description of chromatographic method is reported in our previous published paper [20]. The Thermo Scientific Xcalibur 3.1 (Thermo Scientific, Waltham, MA, USA) and TraceFinder 3.1 (Thermo Scientific, Waltham, MA, USA) softwares were used to record and evaluate data [22]. The concentrations were 5 mg/mL and 2 µL was injected in every run.



Some compounds are marked because they were confirmed by using standards in the tables. Regarding the other compounds, they were identified on the basis of our previous published work [20]. To this end, retention time, the exact molecular mass, characteristic fragment ions, and isotopic pattern were used to identify compounds (Metlin database (https://metlin.scripps.edu)).



Artemisia extracts (5 µg/mL) were analyzed for the phenol quantitative determination using a reversed phase HPLC-fluorimetric in gradient elution mode. Analyses were carried out by using a Waters liquid chromatograph (MOD. 1525) equipped with a fluorimetric detector (MOD. 2475), a C18 reversed-phase column (Dionex AcclaimTM 120, 3 µm, 2.1 × 100 mm), an on-line degasser (Biotech 4-CH degasi compact, LabService, Anzola Emilia, Italy). The gradient elution was achieved by a mobile phase methanol-acetic acid-water (10:2:88, v/v) as solvent A and methanol-acetic acid-water (10:2:88, v/v) as solvent B, in agreement with an already published paper [23]. In accordance with the method of those same authors, we selected λex = 278 nm and λem = 360 nm in order to analyze the following phenolic compounds: gallic acid, catechin, epicatechin, and resveratrol.




2.4. Total Bioactive Components, Antioxidant, and Key Enzymes Inhibitory Effects


The content of two important groups of secondary metabolites, phenols and flavonoids, were measured spectrophotometrically by using well-known methods with Folin-Ciocalteu and AlCl3, respectively [21]. Gallic acid equivalent, as well as rutin equivalent, were used as a measure of their content.



The ability of the extracts to inhibit multiple enzymes—such as α-amylase, α-glucosidase, cholinesterases, and tyrosinase—was carried out through colorimetric assays [24]. Obtained results were expressed in the way prescribed by official methods by using appropriate standards [24].



Antioxidant capacity of the tested extracts was measured through colorimetric ferric reducing ability of plasma (FRAP), cupric reducing antioxidant capacity (CUPRAC), 2,2-diphenyl-1-picrylhydrazyl (DPPH), and 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS) assays. All details about the used tests as well as statistical analysis are given in our earlier work [24].




2.5. Artemia Salina Lethality Bioassay


Artemia salina lethality bioassay was performed as previously reported [25]. Briefly, brine shrimp larvae were bred at 25–28 °C for 24 h in presence of Artemisia extracts (0.1–20 mg/mL) and essential oil (0.1–5 µL/mL) dissolved in incubation medium (artificial sea water). After incubation period (24 h) with extracts, the number of surviving shrimps was evaluated and their vitality was compared to untreated control group. Experiments were carried out in triplicate, and percentage mortality was calculated with the following equation: ((T − S)/T) × 100, where T and S are the total number of incubated larvae and surviving napulii, respectively.




2.6. Ex Vivo Studies


Six male adult Sprague Dawley rats (200–250 g) were housed in Plexiglass cages (40 × 25 × 15 cm), two rats per cage, in climatized colony rooms (22 ± 1 °C; 60% humidity), on a 12 h/12 h light/dark cycle (light phase: 7:00 a.m.–7:00 p.m.), with free access to tap water and food, 24 h/day throughout the study, with no fasting periods. Rats were fed a standard laboratory diet (3.5% fat, 63% carbohydrate, 14% protein, 19.5% other components without caloric value; 3.20 kcal/g). Housing conditions and experimentation procedures were strictly in accordance with the European Union ethical regulations on the care of animals for scientific research. The experiments were approved by Local Ethical Committee (University “G. d’Annunzio” of Chieti-Pescara) and Italian Health Ministry (Italian Health Ministry authorization N. F4738.N.XTQ, delivered on 11 November 2018). Rats were sacrificed by CO2 inhalation (100% CO2 at a flow rate of 20% of the chamber volume per min), and explanted colon specimens were stimulated with E. coli lipopolysaccharide (LPS), an ex vivo experimental model of ulcerative colitis [22]. In parallel, colon tissues were treated with Artemisia extracts (100 µg/mL) and essential oil (0.1 µL/mL). After treatment, PGE2 level (ng/mg wet tissue) was measured in the supernatants, as previously reported [26,27,28]. Moreover, nitrites and LDH were spectrophotometrically assayed. The detailed procedures are reported in our previous published paper [29]. Finally, isolated colons were explanted and tissue 5-hydroxyindoleacetic acid (5HIIA) and 5-HT (ng/mg wet tissue) were extracted. Thereafter, neurotransmitter (5-HT) and metabolite (5HIIA) level was determined by HPLC coupled to coulometric detection [30,31]. The results were expressed in terms of 5-HT turnover (5HIIA/5-HT ratio).




2.7. In Vitro Studies


Human colon cancer HCT116 cell line (ATCC® CCL-247™) was cultured as reported in our previous published paper [22]. The effects of A. santonicum ethyl acetate extract (100 μg/mL) on HCT116 viability was assessed through 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) test.




2.8. Statistical Analysis


Data related to pharmacological activity was analyzed by one-way analysis of variance (ANOVA), coupled to Newman-Keuls comparison multiple test (GraphPad Prism version 5.01 for Windows). Data were considered significant for p < 0.05. One-way ANOVA followed by Tukey’s multiple test was also done to investigate significant differences (p < 0.05) between the tested samples in terms of antioxidant and enzyme inhibitory effects.





3. Results


3.1. Chemical Composition of the Essential Oil


The essential oil from the aerial parts of Artemisia santonicum was analyzed by GC–MS and the results are shown in Table 1 and Supplementary Figure S1. Forty-nine components were identified (95.2% of the total components) and the major components were found to be camphor (36.6%), 1,8-cineole (10.2%), α-thujone (10.1%), borneol (4.5%) and β-thujone (3.6%). Kordali et al. [18] has reported camphor (18.2%), 1–8 cineole (7.5%) and borneol (4.0%) as the predominant volatile components in the EO of A. santonicum collected from Turkey. Commercially obtained camphor and 1,8-cineole, which are the major components of the A. santonicum oil, have exhibited antifungal activity. Previous investigations showed that these oxygenated monoterpenes, camphor and 1,8 cineole are major characteristic components of Artemisia species [18,32,33,34,35]. Thujone derivatives are significant agents in the preparation of liqueurs and they have also significant biological effects including anthelmintic, insecticidal, and antinociceptive activity [36]. However, the toxicity of thujone derivatives are also widely documented [37,38,39]. Unlike in the study carried by Kordali et al. [18], in the present study thujone derivatives are major components of the oil of A. santonicum.




3.2. Chemical Composition of the Investigated Extracts


The total phenolic compounds content of the different extracts of A. santonicum was determined using the Folin–Ciocalteu method. The experimental data (Table 2) revealed that water extract (77.45 ± 1.43 mg GAE/g extract), followed by the MeOH extract (70.02 ± 1.87 mg GAE/g extract) displayed the highest total phenol content. The total phenol content in water and MeOH was approximately 3-times higher as compared to EA extract. The total flavonoid content was measured using the aluminium chloride colorimetric assay. The total flavonoid contents ranged from 41.27 ± 1.19 to 23.55 ± 0.25 mgRE/g extract with the highest concentration obtained in the EA extracts and lowest in the water extract. The HPLC-fluorimeter analysis confirmed colorimetric assay. To this regard, water extract displayed highest level of gallic acid (117.86 ± 10.61 mg/g), followed by methanol (31.01 ± 2.79 mg/g) and EA extract (6.37 ± 0.57 mg/g). Finally, HPLC-MS/MS was carried out, in order to characterize the phytochemical composition of the extracts. A total of 45, 74, and 67 components were characterized in EA, methanolic, and water extracts, respectively (Supplementary Tables S1–S3; Supplementary Figures S2–S4). Based on the results, these compounds were classified as phenolic acids, flavonoids, and coumarins.



Phenolic acids: Chlorogenic acids belongs to the hydroxycinnamic acid family, a large family of esters condensed by quinic acid moiety (such as shikimic acid or butyl 4-deoxy-quinic acid) and trans-cinnamic acids moiety (such caffeic, ferulic, p-coumaric, sinapic, and dimethoxycinnamic acid) [40,41]. At [M + H]+m/z 355, two chlorogenic acid isomers were present in the EA extract while three chlorogenic acid isomers were detect in MeOH and water extracts. Two isomers of di-O-caffeoylquinic acid, [M − H]− at m/z 515 were also characterized in investigated extracts. Isomers of caffeoyl-feruloylquinic acid were detected in water (5) and methanol (7) extracts only. 4-O-Feruloylquinic (not in EA extract) acid and 5-O-feruloylquinic acid at [M − H]− at m/z 367 were also identified in the extracts.



Coumarins (2H-1-benzopyran-2-one) are made of fused benzene and α-pyrone rings and are known to possess a number of therapeutic effects including antioxidant, and neuroprotective properties [42]. Several coumarins were observed in the analyzed extracts. Fraxetin, scopoletin, isofraxidin, and α-santonin were present in all tested extracts, while methylcoumarin, hexosyl-2-coumarate and two derivates of dihydroxycoumarin were identified only in water and MeOH extract.



Flavonoids: Flavonoids are another important group of secondary metabolites from Artemisia species [7,43]. In this regard, 30, 35, and 42 flavonoid—mainly belonging to the flavonol and flavone subclasses—were identified in EA, water, and MeOH extracts respectively. In all cases, the following aglycones with sugar or glycoside moieties, and/or their derivatives were observed: quercetin, apigenin, isorhamnetin, and luteolin.



The flavanone homoeriodictyol (3′-methoxy-4′,5,7-trihydroxyflavanone) was characterized in all extracts, while pinocembrin (5,7-dihydroxyflavanone) was detected only in EA and MeOH extract.



Other compounds: Artemisinin and the endoperoxide sesquiterpene lactone were identified in the analyzed extracts at [M + H]+m/z 263. Artemisinin-based therapies are now generally considered as the best current treatment of malaria, including highly drug-resistant strains [2,44].




3.3. Antioxidant Properties


In the current work, the antioxidant ability of the extracts and EO of A. santonicum was evaluated using multiple in vitro cell-free bioassays. The results are depicted in Table 3. In phosphomolybdenum assay, the EO has shown remarkable antioxidant capacity (61.37 ± 4.17 mmol TE/g); on the other hand, the tested extracts revealed mild effects (2.41 ± 0.02 (water) and 2.12 ± 0.12 (EA) mmol TE/g). Two radicals were used to evaluate the free radical scavenging activity of tested extracts and EO. For both DPPH and ABTS assays, the highest scavenging activity was observed in water extract (DPPH: 298.28 ± 12.75 and ABTS: 278.57 ± 3.77 mg TE/g extract) followed by MeOH extract (DPPH: 277.96 ± 11.73 and ABTS: 217.60 ± 6.31 mg TE/g extract). The tested volatile oil has shown a modest activity (3.76 ± 0.58 TE/g extract) as compared to the extracts. Kordali et al. [18] have studied the antioxidant activities of commercially obtained camphor and 1,8-cineole in order to know the effect of the respective major compounds characterized in EO of A. santonicum in antioxidant and DPPH radical scavenging activities. The results revealed that neither of the compounds have shown scavenging activity at 100 μg/mL with DPPH. In the study carried by Kadri, et al. [45], the EO of A. herba-alba, in which a major amount of α-thujone and β-thujone was present, demonstrated a significant free radical activity, in DPPH assay. In the present work, the EO displayed a modest scavenging activity DPPH, implying that the presence of α-thujone and β-thujone is crucial for its free scavenging activity with DPPH. Intriguingly, the equivalence of the antioxidant potential of EO in the ABTS assay was found to be 14-fold higher as compared with DPPH assay. A similar observation was noted for EA extract, whether the scavenging activity was approximately 2-fold higher for ABTS assay, compared with DPPH assay. The difference in the free radical scavenging capacity (DPPH and ABTS) for one same sample can be explained by different mechanisms substantiating the antiradical interaction, in these two assays. For instance, DPPH has only hydrophobic structure while ABTS has both lipophilic and hydrophilic characters [46,47,48].



The reduction ability is one significant way to determine the electron-donation ability of antioxidants [49]. The best reducing effects were shown by MeOH (515.30 ± 3.19 mg TE/g extract) and water (262.71 ± 3.99 mg TE/g extract) extracts for CUPRAC and FRAP assays, respectively. Chelating properties of the extracts were determined using the metal chelating assay. These findings reflected the significant chelation ability against Fe2+ in EO and all investigated extracts, with the highest value being recorded for EA extract.




3.4. Enzyme Inhibitory Properties


Enzymatic dysregulation is the most common pathological scenario of many chronic diseases like diabetes mellitus (DM), dementia, and hyperpigmentation. Acetylcholinesterase (AChE) and butyrylcholinesterase (BChE) hydrolyze the neurotransmitter acetylcholine (ACh), whose decline is associated with the onset and progression of Alzheimer’s Disease (AD), an age-related neurodegenerative disorder, characterized by cognitive and memory impairment. Therefore, inhibition of cholinesterase is a promising way for managing AD symptoms [50]. Similarly, DM can be managed by inhibiting α-amylase and α-glucosidase, key enzymes that are responsible for the hydrolysis of carbohydrates into glucose and its absorption in the digestive tract, respectively [51,52]. Hyperpigmentation can managed by inhibiting the activity of tyrosinase that synthesized melanin, the pigment that gives color to skin [53].



The experimental results regarding enzyme inhibition effects of the EO and extracts are summarized in Table 4. The best AChE inhibitory effect was provided by ethyl acetate extract (3.87 ± 0.70 mg GALAE/g extract) followed by the MeOH extract (3.21 ± 0.08 70 mg GALAE/g extract). The EO was most potent against BChE (3.52 ± 0.39 mg GALAE/g extract). Yu et al. [54] reported that the anti-AChE activity of flower essential oil of A. annua is mainly attributed to camphor and 1,8-cineole, which were major components of the oil. Interestingly, despite its remarkable antioxidant activities, water extract demonstrated no activity against AChE and BChE. On the other hand, A. santonicum extracts (71.50 ± 1.24–122.43 ± 3.25 mg KAE/g extract) and EO (37.98 ± 1.45 mg KAE/g extract) displayed a noteworthy tyrosinase inhibitory activities. For the tested extracts, the enzyme inhibition can be ranked as MeOH > EA > water. Taherkhani and colleagues [55] reported the anti-tyrosinase activity (IC50 = 6.08 mg/mL) of EO from leaves of A. diffusa, which contains camphor (28.30%), 1,8-cineole (21.03%) and β-thujone (14.20%) as major components. Finally, the extracts and EO displayed moderate inhibitory effects against α-amylase, while EA and MeOH extracts (EA: 24.69 ± 0.10 mmol MeOH: 23.00 ± 2.25 mmol ACAE/g extract) revealed particularly active against α-glucosidase. EO was also potent against α-glucosidase with a mean value of 4.97 ± 0.27 mmol ACAE/g extract.




3.5. Toxicological and Pharmacological Studies


The potential toxicity of water, methanol, and ethyl acetate extracts and EO of A. santonicum (0.1–20 mg/mL) was evaluated on brine shrimp (Artemia salina Leach) lethality assay. Experimental procedures were carried out as previously reported [56].



As regards water, MeOH and ethyl acetate extracts, LC50 values were <1 mg/mL. Whereas, LC50 value related to EO was <0.5 µL/mL. The resulting LC50 values were indicatory to identify the biocompatibility range for the subsequent evaluations on rat colon stimulated with LPS. This latter experimental model has been selected in order to evaluate the protective effects exerted by the extracts (100 µg/mL) and EO (0.1 µL/mL) against the burden of oxidative stress and inflammation, in rat colon. To this regard, we evaluated the levels of selected biomarkers of oxidative stress and inflammation, including nitrites, 5-HT, PGE2, and LDH.



Particularly, EO, water, MeOH, and EA extracts were able to reduce LPS-induced LDH (Figure 1) and PGE2 (Figure 2), while only EA revealed effective in blunting LPS-induced nitrite level (Figure 3), in rat colon. As regards 5-HT turnover, measured as 5HIIA/5-HT ratio, EO, water, and MeOH extracts potentiated LPS-induced reduction of 5HIIA/5-HT ratio (Figure 4). Only EA extract was effective in stimulating neurotransmitter turnover. The same extract was also able to reduce HCT116 cell line viability (Figure 5).





4. Discussion


Increased reactive oxygen/nitrogen species (ROS/RNS) have long been related to chronic inflammatory diseases, including ulcerative colitis [57]. The assessment of nitrite level is a validated tool to evaluate NO synthesis, as an index of disease activity in inflamed colon [58]. While LDH is a well-recognized marker of tissue damage, whose downregulation could represent a protective mechanism, particularly in the colon [59,60]. In the gut, a pro-inflammatory role could also be displayed by 5-HT [61], possibly through 5-HT3 receptor activation [62]. Additionally, 5-HT was previously described as a mitogenic neurotransmitter [61], which stimulates the growth of a wide plethora of tumors, including colorectal carcinoma [63,64,65,66]. We also studied the effects of Artemisia extracts and EO on LPS-induced levels of colon PGE2, a cyclooxygenase (COX)-2-derived pro-inflammatory cytokine, whose upregulation has been long involved in colon inflammation and damage [67].



Regarding the selected markers of oxidative stress and inflammation, the results indicated some discrepancies. EO and all extracts blunted LPS-induced colon LDH level (Figure 1). The most significant inhibitory effect was exerted by ethyl acetate extract. The pattern of inhibition of LPS-induced PGE2 was in agreement with the measurement of LDH levels, being in this case ethyl acetate extract the most promising agent, as well (Figure 2). A different pattern was observed as regards the effects of extracts and EO on nitrite and 5-HT levels. Specifically, only ethyl acetate extract was able to blunt LPS-induced nitrite level (Figure 2). By contrast, MeOH extract and essential oil seem to increase LPS-induced production of nitrites, despite there being no statistical significance (Figure 3). In analogy, the reduction of 5-HT level, confirmed by the stimulated turnover (5HIIA/5-HT ratio), was observed only in the group treated with ethyl acetate extract (Figure 4). On the other, the inhibition of 5-HT turnover induced by MeOH and water extracts and EO could exclude relevant protective effects in colon challenged with LPS. This could be related to more than one speculation. On one side, the paradoxical pro-oxidative effects exerted by antioxidants in the liquids are well known [68]. In this regard, we should consider the recent findings by Abnosi and Yari [69], who highlighted the potential toxicity of gallic acid, in rat bone marrow mesenchymal stem cells, that could be partially related to increased inflammatory and oxidative stress mediators. Additionally, the null effect of EO on LPS-induced nitrites is unclear. Yoon and colleagues [70] found that EO of A. fukudo is able to downregulate nitrite and PGE2 levels, in RAW 264.7 macrophages challenged with LPS. On the other hand, the EO of A. fukudo displayed lower levels of camphor (6.01%) compared to the EO tested in our experiments (36.6%; Table 1). To this regard, we hypothesize that the higher EO camphor level could limit the antioxidant activity of the tested sample [71].



Taken together, these assays indicated ethyl acetate extract as the most promising protective agent, against the burden of inflammatory and oxidative stress, in the colon. Actually, we cannot exclude that the protective effects exerted by this extract on the selected markers of oxidative stress and inflammation could be a direct consequence of multiple factors, such as the showed highest level in total flavonoids (Table 2), alongside with the antiradical and metal chelating activities (Table 3).



Considering these findings, we further evaluated the biological activity of ethyl acetate extract. Particularly, we tested this extract on human colon cancer HCT116 cell line viability (MTT test). We observed that ethyl acetate extract (100 µg/mL) significantly reduced cell viability (Figure 5), thus suggesting potential antiproliferative effects. On the basis of the tested biomarkers, we also hypothesize that the reduction of HCT116 cell viability could be, albeit partially, the result of the downregulation of pro-inflammatory factors involved in HCT116 cell growth and survival, including colon PGE2 and 5-HT [72,73,74].



In summary, our findings proved that A. santonicum EO and extracts exhibited interesting chemical profiles. EO contains camphor, 1,8-cineole, α-thujone, borneol, and β-thujone as major components, while extracts contain important pharmacologically active compounds including chlorogenic acid, caffeic acid, apigenin, and artemisin. Overall, methanol and water extracts have shown superior antiradical potential. EO, EA, and methanol extracts also revealed active against AChE and BChE. A significant enzyme inhibitory activity against tyrosinase and α-glucosidase was observed for all tested extracts. On the other hand, pharmacological tests did not confirm the intrinsic antiradical activity. Conversely, we observed that EO could exert pro-oxidant effects, albeit partially related to the elevated content of camphor. While ethyl acetate extract showed the best pharmacological profile, being able to blunt all tested pro-oxidant/pro-inflammatory markers, in an experimental model of colon inflammation. Additionally, ethyl acetate extract also revealed potential antiproliferative effects against human colon cancer HCT116 cell line.



The results gathered in this study emphasized the biological potential of A. santonicum and further suggest the importance in isolating phytochemical compounds and understanding molecular mechanisms at the basis of the reported pharmacological effects.
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Figure 1. Effect of essential oil (EO) and water (W), methanol (MeOH) and ethyl acetate (EA) A. santonicum extracts (100 µg/mL) on lipopolysaccharide (LPS)-induced lactate dehydrogenase (LDH) level in rat colon specimens. All extracts were able to restore the level of LDH observed in control (CTR) group. p < 0.001; post-hoc, *** p < 0.001 vs. LPS. 
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Figure 2. Effect of essential oil (EO) and water (W), methanol (MeOH) and ethyl acetate (EA) A. santonicum extracts (100 µg/mL) on LPS-induced PGE2 level in rat colon specimens. All extracts and EO were able to restore the level of PGE2 observed in control (CTR) group. p < 0.0001; post-hoc, ** p < 0.01, *** p < 0.001 vs. LPS. 
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Figure 3. Effect of essential oil (EO) and water (W), methanol (MeOH) and ethyl acetate (EA) A. santonicum extracts (100 µg/mL) on LPS-induced nitrite level in rat colon specimens. Only EA extract was able to restore the level of nitrites observed in control (CTR) group. p < 0.001; post-hoc, *** p < 0.001 vs. LPS. 
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Figure 4. Effect of essential oil (EO) and water (W), methanol (MeOH) and ethyl acetate (EA) A. santonicum extracts (100 µg/mL) on LPS-induced reduction of 5-HT turnover (5HIIA/5-HT ratio) in rat colon specimens. Only EA extract was able to increase the level of nitrites observed in both control (CTR) and LPS groups. p < 0.0001; post-hoc, * p < 0.05, *** p < 0.001 vs. LPS. 
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Figure 5. Effect of ethyl acetate (EA) A. santonicum extracts (100 µg/mL) on tumoral HCT116 cell line viability (MTT test). * p < 0.05 vs. control (CTR) group. 
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Table 1. Chemical composition of Artemisia santonicum essential oil
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	Compounds
	RRI a
	(%)





	1,8-Cineole
	1211
	10.2



	p-Cymene
	1276
	0.8



	Yomogi alcohol
	1394
	tr



	Santolina alcholol
	1400
	0.9



	α-Thujone
	1433
	10.1



	β-Thujone
	1454
	3.6



	trans-Sabinene hydrate
	1469
	0.2



	α-Copaene
	1501
	1.1



	Chtysanthenone
	1523
	0.2



	Camphor
	1535
	36.6



	Linalool
	1548
	0.8



	cis-Sabinene hydrate
	1554
	0.2



	trans-p-Menth-2ene-1-ol
	1570
	0.7



	cis-Chrsanthenyl acetate
	1581
	0.7



	Pinocarvone
	1588
	0.6



	Bornyl acetate
	1593
	2.1



	β-Elemene
	1601
	0.1



	Terpinen-4-ol
	1612
	2.4



	cis-p-Menth-2ene-1-ol
	1634
	0.5



	Myrtenal
	1651
	1.1



	Sabina ketone
	1655
	0.3



	trans-Pinocarveol
	1670
	2.9



	δ-Terpineol
	1681
	0.6



	trans-Verbenol
	1690
	0.7



	γ-Muurolene
	1700
	tr



	α-Terpineol
	1706
	0.5



	Borneol
	1715
	4.5



	Germacrene D
	1729
	0.8



	Verbonone
	1732
	0.2



	α-Muurolene
	1740
	tr



	Piperitone
	1749
	1.0



	cis-Piperitol
	1754
	0.5



	δ-Cadinene
	1773
	0.3



	p-Methyl acetophenone
	1800
	0.1



	Myrtenol
	1806
	0.8



	trans-Carveol
	1846
	0.1



	Calamanene
	1854
	0.1



	p-Cymen-8-ol
	1861
	0.4



	cis-Jasmone
	1968
	0.4



	(Z)-Methyl cinnamate
	1976
	0.1



	Caryophyllene oxide
	2017
	0.9



	cis-Davanone
	2050
	1.7



	(E)-Methyl cinnamate
	2103
	0.5



	Cumin alcohol
	2121
	0.4



	Spathulenol
	2147
	3.2



	T