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The cross-compliance mechanism of the European Union (EU)'s common agricultural policy (CAP) makes the approval of the direct payments to the European farmers subject to compliance with the requirement to maintain the land in good agricultural and environmental condition. One of the obligations of the Romanian land owners and farmers is to avoid the installation of unwanted vegetation on their land plots. This vegetation is represented by some species of herbaceous or woody plants, annual or perennial, that spontaneously invade the agricultural lands, diminishing the production capacity of the cultivated plants. Included in this category are 10 meadow weeds, without fodder value or even toxic to animals: Arctium lappa L., Carduus nutans L., Conium maculatum L., Eryngium campestre L., Euphorbia cyparissias L., Pteridium aquilinum (L.) Kuhn, Rumex acetosella L., Veratrum album L., Xanthium spinosum L., and Xanthium strumarium L. Various and multiple uses in traditional medicine of these meadow weed species have been reported for Romania and other nine neighboring East European countries, i.e. Bosnia and Herzegovina, Bulgaria, Czech Republic, Estonia, Kosovo, Russia, Turkey, Serbia, and Ukraine. For A. lappa were recorded the highest number of ethnomedicinal uses, in the largest number of East European countries, including Romania. C. maculatum and V. album are not recommended for human consumption but can be further investigated as potential sources of pharmaceutically active compounds. Once removed by landowners and farmers from their land, the raw plant material of these 10 species become readily and easily available to the Romanian local communities and the industry of herbal food supplements, while the biodiversity of the agro-ecosystems is maintained.
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Introduction

The European Union (EU)'s common agricultural policy (CAP) is one of the world's largest agricultural policies and the EU's longest-prevailing one (Pe'er et al., 2019). Besides producing food and stimulating rural community development, the CAP defines one more condition that allows farmers to fulfill their functions in society—environmentally sustainable farming—to produce food while simultaneously protecting nature and safeguarding biodiversity (European Commission, 2020a). Cross-compliance is a CAP's mechanism that links direct payments to compliance by farmers with basic standards concerning the environment, food safety, animal and plant health and animal welfare, as well as the requirement of maintaining land in good agricultural and environmental condition (GAEC). Evidence has shown that agriculture is the single largest cause of biodiversity loss but already nearly one-third of the world's farms have adopted more environmentally friendly practices while continuing to be productive (Pretty et al., 2018). In Europe, since 2005, all EU farmers receiving direct payments under CAP are subject to compulsory cross-compliance which is an important tool for integrating environmental requirements into the CAP (European Commission, 2020b). The good GAECs and the statutory management requirements (SMR), refer to a set of EU standards and requirements aiming at sustainable agriculture (European Parliament, 2013). In the area “Environment, climate change, good agricultural condition of land,” when referring to the issue of “Landscape, minimum level of maintenance,” GAEC 7 requires “Retention of landscape features, including where appropriate, hedges, ponds, ditches, trees in line, in group or isolated, field margins and terraces, and including a ban on cutting hedges and trees during the bird breeding and rearing season and, as an option, measures for avoiding invasive plant species” (European Parliament, 2013). After they are defined and detailed at national or regional level, all these standards are to be respected by all the European farmers receiving direct payments or some of the rural development payments.



Methods: Literature Search Strategy

We systematically searched four databases (Web of Science, PubMed, Scopus, and ScienceDirect) for relevant, peer reviewed publications, using a combination of relevant keywords and Boolean operators which included the name of the 10 plant species and of the Eastern European countries, with no other filters applied (in July 2019). The number of retrieved abstracts was below 10, irrespective of the species searched for. This result was somehow anticipated by the guest editors of the research topic when they expected that “ethnopharmacological research in this area is quite limited, many of the existing studies being published in national or local journals, thus being less visible to the scientific community.” To expand the literature search, Google Scholar database was interrogated, and all the retrieved publication was selected based in the information provided by their abstracts and subsequently by their full text version. Only peer-reviewed articles were included in our review. To access the literature published in the Romanian language, the online catalog of the County Library “G. T. Kirileanu” Neamt was searched using the eBibliophil search engine (https://bibgtkneamt.ebibliophil.ro). All the relevant specialty books retrieved were searched for the 10 plant species and if they contain any recommended use in ethnomedicine.

Selection criteria: all the publications referring to the 10 plant species and their use in the ethnomedicine of any of the Eastern European countries (from the former communist countries in the west till Russia, Ukraine and Turkey in the east) have been included in our literature review.



Romania's Provisions for Avoiding the Installation of Unwanted Vegetation on the Farming Land

Romania covers an area of 238,391 km² of which around 61% agricultural land (14.6 million ha) (64.2% arable land, 32.9% meadows and natural grasslands and 2.7% plantations of trees and vineyard), and 28.3% forests and other forestry vegetation lands. The Rural Development Programme (RDP) is outlining Romania's priorities for using the nearly € 9.5 billion of public money that is available for the CAP 2014–2020 (European Commission, 2015).

In agreement with the EU's regulations, Romania has defined three measures to be followed in order to implement the GAEC 7, one of which imposes that farmers have to prevent unwanted vegetation to install on the farming land, including on the uncultivated one. The Agency for Payments and Intervention in Agriculture (APIA) is the national authority responsible for coordinating the control activity on the cross-compliance norms within the schemes and support measures for the Romanian farmers (Ministry of Agriculture and Rural Development, 2015).

The details regarding the application of the measures of GAEC 7 have been modified along the years but its main objective was to maintain a minimum level of maintenance of agricultural land (regardless of the category of use, including land which is no longer used for production) by avoiding the installation of unwanted vegetation. In this context, the unwanted vegetation is represented by some species of herbaceous or woody plants, annual or perennial, that spontaneously invade the agricultural lands, diminishing the production capacity of the cultivated plants. Also included in this category are some meadow plant species, without fodder value or even toxic to animals.

The legal provisions recommend that the unwanted vegetation should not dominate the culture in more than 30% of the plot area, regardless of the land use category (arable land, permanent meadow, or permanent crops). However, when the percentage of weediness exceeds the threshold of 80% of the surface of the plot, the entire plot is considered ineligible and excluded from payment. Also, the uncultivated agricultural land, one or more years, on which the unwanted vegetation was installed on more than 80% of the area, is excluded from payment. This decision is taken after on-site inspections carried out by APIA representatives (Agency for Payments and Intervention in Agriculture, 2019b).



The Unwanted Meadow Weeds in Romania

The main weed species that make up the unwanted vegetation on meadows (plants without fodder value or toxic plants) are annual, biennial or perennial plants. The APIA has listed 10 biannual or perennial weeds, all to be removed by the Romanian land owners or farmers from the meadows for which direct payments (EU subsidies) are requested: Arctium lappa L., Carduus nutans L., Conium maculatum L., Eryngium campestre L., Euphorbia cyparissias L., Pteridium aquilinum (L.) Kuhn, Rumex acetosella L., Veratrum album L., Xanthium spinosum L., and Xanthium strumarium L. (Agency for Payments and Intervention in Agriculture, 2019b). The same regulating and control body has prepared and publicly released a guide for identifying these 10 species that represent unwanted vegetation growing on the meadows (Agency for Payments and Intervention in Agriculture, 2019a). For each of the 10 species, a detailed description of the plant (roots, stem, leaves, flowers, and seeds), seed dispersal mechanism, and the general ecology of the species is provided, visually supported by four to six pictures. All these details are meant to facilitate the on-the-field identification for removal by the interested individuals.

To achieve its final goal, i.e. the removal of these 10 species from the EU-subsidized fields, APIA should simultaneously act by stopping and reversing the continuous degradation of grasslands due to overgrazing, a consequence of the larger, and increasing, number of grazing animals, also receiving a per-capita EU subsidy from the same governmental body: APIA. Overgrazing leads to the invasion of ruderal plant species, later on categorized as “unwanted” weed species by APIA. From the phytosociological point of view, two of the 10 species, i.e. E. cyparissias and R. acetosella, are natural components of most of the grasslands in the vegetation classes Festuco–Brometea (E. cyparissias) and Molinio–Arrhenatheretea (R. acetosella) (Sanda et al., 2008; Chifu, 2014), and they were erroneously categorized as unwanted vegetation in APIA's guide (Agency for Payments and Intervention in Agriculture, 2019a). Moreover, some of the other 10 species are not the most common and widespread species of their genus in Romania, e.g. Carduus acanthoides invades many more hectares of degraded grasslands than C. nutans (Sarateanu et al., 2008). All the above considered, the APIA's documents with respect to the invasive and unwanted vegetation should be critically reviewed and updated for the future post-2020 CAP.



Phytochemical Constituents and Ethnomedicinal Uses of the Meadow Weeds

All 10 species have ethnomedicinal uses which were reported around the world, including in Romania and other neighboring Eastern European countries, some of them dating back for centuries or even millennia. Their traditional use as edible and medicinal species has triggered investigations on their phytochemical composition.


A. lappa L.—Greater Burdock, Asteraceae

A. lappa has been used therapeutically in Europe, North America and Asia for hundreds of years (Wang et al., 2019). A. lappa is used in Eastern European folk medicine as an adjuvant in diabetes therapy (European Medicine Agency, 2011; Tousch et al., 2014; Tabassum et al., 2019), to treat digestive, renal, lung, and skin affections, having also depurative, diuretic, and diaphoretic properties (European Medicine Agency, 2011). Traditionally, the roots, buds, and seeds serve as blood purifier, and have been used as remedy for rheumatism, scurvy, gravel, venereal disease, and sores (Di Novella et al., 2013). An improvement of oxidative stress and inflammatory status was observed in patients with knee osteoarthritis treated with A. lappa root tea (Maghsoumi-Norouzabad et al., 2016), as well as in treating inflammatory acne (Miglani and Manchanda, 2014). In Greece, A. lappa's root is used for musculoskeletal diseases, in particular against joint pains and rheumatism (Tsioutsiou et al., 2019). In Bosnia and Herzegovina this plant is used to treat skin conditions, to strengthen the hair root, against intestinal parasites, for dissolution of kidney stone, for improved urination, against diabetes and rabies, dog's bites, to release stomach gasses, against sexually transmitted diseases (STDs), and to treat facial nerve inflammation etc. (Redzic, 2010).

The main bioactive compounds identified in all parts of A. lappa are the lignans (arctigenin, artiin, matairesinol) and polyphenolic acids (caffeic acid derivatives) (Ferracane et al., 2010; da Silva et al., 2013; Edwards et al., 2015). These two groups possess high antioxidant activity (Liu et al., 2012). Arctigenin is reducing the inflammatory process through inhibiting iNOS expression and promoting cytokines (TNF-α and IL-6) productions (Zhao et al., 2009). In vitro studies show that lignans extracted from A. lappa have anti-proliferative effect against cancerous cells, inducing apoptosis and limiting migration of metastasis (Lou et al., 2017; Wang et al., 2019).

Several studies showed that the seeds are rich in caffeic acid, chlorogenic acid and cynarin, the leaves contain high amounts of phenolic acids, quercetin, quercitrin, luteolin, sesquiterpenes, and eudesmol, while the roots are rich in carbohydrates (including inulin up to 45%–50%, mucilage, pectin and sugars), arctic acid, polyacetylenes, arctiin, luteolin, quercetin rhamnoside (Ferracane et al., 2010; European Medicine Agency, 2011; Edwards et al., 2015), and caffeoylquinic acids derivatives (Tousch et al., 2014).

In Romanian ethnomedicine A. lappa is recommended for its detoxifying (due to the high fiber composition), hepatoprotective (due to caffeic acid derivatives), cholesterol lowering (reduces the absorption of cholesterol and lipids at intestine level), diuretic, antiinflammatory, antioxidative (due to caffeic acid derivatives), hypoglycemic (due to high innulin content) (Bojor and Pop, 2010), and antibiotic effects (Stanescu et al., 2014). This plant is recommended for hepatobiliary and liver protection, hypercholesterolemia, dermatitis, eczema, skin infection, hyperglycemia, cholelithiasis, oily and seborrheic skin, hair regrowth (Bojor and Alexan, 1984; Parvu, 2000; Ardelean et al., 2008; Mohan, 2008; Bojor and Pop, 2010), intoxications, flu, high blood pressure, hemorrhages (Parvu, 2000; Mohan, 2008), muscular atrophy, gout, enterocolitis (Mohan, 2008), herpes, dandruff (Parvu, 2000; Ardelean et al., 2008), cystitis (Bojor and Alexan, 1984), burns (Bojor, 2018), hepatitis, bronchitis, scurvy (Milica et al., 2012), corns, typhoid fever, heart pain, chest pain, rheumatism, STDs, skin rashes (Stanescu et al., 2014), epilepsy, arthritis, constipation, abdominal colic, hepatitis, and insect bites (Grigore and Grigore, 2007).



C. nutans L. —Musk Thistle, Asteraceae

C. nutans is used as dietary supplement (Isik and Yucel, 2017). In Turkish folk medicine, this species has been used as tonic to stimulate liver function, detoxifying herb and to ameliorate fever (Aktay et al., 2000). In Bulgaria, C. nutans is used for its antihemorroidal, cardiotonic and diuretic properties (Zheleva-Dimitrova et al., 2011).

The main biochemical compounds of musk thistle are the flavonoids (apigenin, luteolin, kempferol and derivatives, rutin, tilianin, and isorhamnetin), sterols and triterpenes (β-sitosterol acetate, sitosterol-O-xyloside, taraxasterol acetate), polyacetylenes (vinylpentacetylene), phenolic acids, and anthocyanins (Bain and Desrochers, 1988; Abdallah and Ramadan, 1989; Jordon-Thaden and Louda, 2003; Zhelev et al., 2013). Flavonoids represents an important class of compounds known to have a positive impact in ameliorating symptoms of cancer, cardiovascular disease, and neurodegenerative disorders (Spencer et al., 2004; Salvamani et al., 2014). In the last decade, studies on apigenin use as an adjuvant in cancer treatment had shown tremendous results, this plant originated flavone acting as a chemoprotective agent, inhibiting tumor development through inducing cycle arrest and apoptosis (Banerjee and Mandal, 2015; Kashyap et al., 2018).

In Romanian traditional medicine (TM) the C. nutans's seeds are used to prevent atherosclerosis, the flowers as febrifuge, blood purifier (Daraban et al., 2013) and used for treating polyarticular ankilosis, and myalgia, while the leaves are recommended for hypertension and liver diseases (Grigore and Grigore, 2007).



C. maculatum L.—Poison Hemlock, Apiaceae

C. maculatum is one of the most poisonous plants for laboratory animals, farm animals, and human beings, due to the presence of piperidine alkaloids in all its parts (Al-Snafi, 2016). Despite its poisonous nature, C. maculatum is included in several herbals as Succus conii, described as a narcotic, sedative, analgesic, spasmolytic, anti-aphrodisiac, and anti-cancer agent (Reynolds, 2005). C. maculatum extract is used as a traditional homeopathic remedy for cervix carcinoma (Mondal et al., 2014). This species has been used in ethnomedicine as an analgesic and anti-inflammatory agent (De Landoni and Conium maculatum, 1990; Arihan et al., 2009; Al-Snafi, 2016,; Madaan and Kumar, 2012), in Turkey to treat diabetes (Paksoy et al., 2016), and in Morocco as an alternative to treat typhoid fever and sterility, and also to ease labor (Kharchoufa et al., 2018). Externally, it has been used to treat herpes and swelled joints (Bloch, 2001). Some studies highlight the antispasmodic property of C. maculatum and it was reported to have a positive impact on patients with epilepsy, asthma, angina, rheumatism, and tetanus (Mitich, 1998; Hotti and Rischer, 2017).

The chemical composition of poison hemlock has been widely studied and the main toxic alkaloids are coniine and γ-coniceine identified in all plant parts, but mostly in roots and seeds, and they are also responsible for the sedative and anti-inflammatory properties of the species (Vetter, 2004; Panter et al., 2011; Cortinovis and Caloni, 2015; Al-Snafi, 2016; Kharchoufa et al., 2018). Besides alkaloids, C. maculatum is rich in flavonoids (anti-oxidative), coumarins (anti-microbial, anti-inflammatory), polyacetylenes, vitamins, and oils (Al-Snafi, 2016).

In Romanian ethnomedicine, C. maculatum was used as sedative (Bojor, 2018) and for reducing neuralgia (Ardelean et al., 2008; Bojor, 2018).



E. campestre L.—Field Eryngo, Apiaceae

E. campestre has been used in folk medicine (Zhang et al., 2008). In the European herbal medicine this plant was used as an infusion for the treatment of whooping cough, as well as in the treatment of kidney and urinary tract inflammations (Medbouhi et al., 2018). In Eastern European TM field eryngo roots and leaves are used for their anti-inflammatory, antiscorbutic, diaphoretic, antitussive, diuretic, expectorant, appetite-stimulant, and aphrodisiac properties, and to treat hemorrhoids, rheumatism, and infertility (Küpeli et al., 2006; Belda et al., 2013; Güneş et al., 2014; Conea et al., 2015; Kikowska et al., 2016; Soumia, 2018). In Turkey is used to treat intestinal disorders, flatulence, hepatitis, digestion disorders, and muscle pain (Akgul et al., 2018) but is also used fresh for human consumption (Demirci and Özkan, 2014). A study by Hawas et al., 2013 suggests its potential application in the treatment of Alzheimer's disease.

E. campestre represents an important source of multi-target antimicrobial essential oils, with spathulenol being the main chemical compound of the species (Erdem et al., 2015). Several studies showed that E. campestre is rich in flavonoids (quercetin glycosides, isorhamnetin glycosides, and myricetin glycosides), phenolic acids, acetylenes, saponins, steroids, terpenoids, and coumarins (Abou El-Kassem et al., 2013; Marčetić et al., 2014; Matejić et al., 2018; Soumia, 2018). The flavonoids and phenolic compounds contribute to the antioxidant properties of the plant (Küpeli et al., 2006; Matejić et al., 2018; Soumia, 2018).

In Romanian ethnomedicine E. campestre is recommended for its cholagogue, diuretic, appetite-stimulant (Craciun et al., 1976; Grigore and Grigore, 2007), expectorant, antitussive, bronchial antiseptic, antispasmodic, antibiotic, hypotensive, and carminative effects (Milica et al., 2012), and is used for treating gallbladder, urinary retention, gonococcal urethritis, ascites, amenorrhea, scurvy, tuberculosis, acne, oliguria, colicky nephritis, seborrheic dermatitis, leg edema (Grigore and Grigore, 2007), amenorrhea, constipation, tooth pain, periodontitis, tooth decay (Milica et al., 2012), and nephrolithiasis (Ardelean et al., 2008). In the Romanian rural areas is used as ingredient in various dishes, especially in soups (Parvu, 2000).



E. cyparissias L.—Cypress Spurge, Euphorbiaceae

The leaves of E. cyparissias are used as anti-warts (Pieroni and Vandebroek, 2007). The flowers, stems, and leaves of cypress spurge are used in folk medicine in the treatment of dermatological diseases (psoriasis, eczema), respiratory diseases (asthma, bronchitis, chest congestion, throat spasm), hay fever, and against tumor development (Özbilgin et al., 2012; Stanković and Zlatić, 2014). Its seed oil is purgative. In the past, vapor of the chloroform extract was used as anesthetic agent. It is recommended for insomnia and ear constipation. Its condensed milky sap is one of the components of “emplastrum cantharides” (blister bug plaster) which is used principally to relieve deep-seated inflammation and to promote the absorption of effusions (Papp, 2004).

The whole plant has antioxidant properties given by the high amount of secondary metabolites, mainly isoprenoids (diterpenoids, triterpenoids, sesquiterpenoids—elemene and caryophyllene), phenolic acids, and flavonoids (Hemmer and Gülz, 1989; Özbilgin et al., 2012; Stanković and Zlatić, 2014). Two new diterpenoids have been identified in extracts of E. cyparissias (i.e., cyparissin A and B) that exhibit important activity against cancerous cell lines in in-vitro studies (Lanzotti et al., 2015).

In Romanian ethnomedicine E. cyparissias is recommended for its purging, emetic (Craciun et al., 1976), antispasmodic, sedative, antifungal, anti-rheumatic, revulsive, and febrifuge effects (Milica et al., 2012) and is used for treating warts, heir loss and sciatic neuralgia (Grigore and Grigore, 2007), gastric distress, constipation, stomach pains, intestinal worms, emphysema, pleuritis, hay fever, tuberculosis, pharyngitis, mange, eczemas, arthritis, ringworm, anthrax, impetigo, nail mycosis, tooth pain, and freckles (Milica et al., 2012).



P. aquilinum (L.) Kuhn—Bracken Fern, Polypodiaceae

Dioscorides (ca. 50 AD) in his de Materia Medica referred to several ferns, including P. aquilinum, as having medicinal values. P. aquilinum is thought to be a fern with potent anti-cancer properties. In India, decoctions from the rhizomes of P. aquilinum are drunk as an herbal tea (Baskaran et al., 2018). Dried rhizomes mixed with milk are used to relieve diabetic disorders, and tender fronds are used as vegetables (Baskaran et al., 2018). Moreover, the strong rhizomes of plant have been used directly as a food or as an ingredient of bread (by Australian, British, French, Japanese populations or by Lapp and Siberian cultures) (Vetter, 2010). It is the most common edible pteridophyte in sub-Saharan Africa, used as human food in Angola, Cameroon, DRC, Gabon, Madagascar, Nigeria, and South Africa (Maroyi, 2014).

The high concentration of phenol, flavonoid, and terpenoid compounds gives to bracken fern extracts antioxidant properties and antimicrobial activity, justifying its traditional use to treat skin diseases and gastrointestinal disorders (May, 1978; Mannan et al., 2008; Piluzza and Bullitta, 2011; Kardong et al., 2013). The presence of tannins, cardiac glycosides, anthraquinone, and cyanogenic glycosides in this species may have a negative impact on liver function (Hassan et al., 2007) and vitamin B1 metabolism (Fenwick, 1989; Vetter, 2010).



R. acetosella L.—Red Sorrel, Polygonaceae

In TM the leaves of R. acetosella are used by the native populations of North America as treatment for warts and bruises. The aerial parts contribute to amelioration of diarrhea and stomach disorders in North America and Hungary, while seeds are used to treat diarrhea and dysentery in Hungary (Chevalier, 1996; Shale et al., 1999; Foster et al., 2000; Wegiera et al., 2007; Vasas et al., 2015). An ethnobotanical survey of medicinal plants used in Turkey revealed that leaves of R. acetosella are used traditionally as an analgesic and diuretic (Cakilcioglu and Turkoglu, 2010). In Iran, R. acetosella is widely used by traditional healers for the treatment of jaundice and fever (Amiri et al., 2014). In Poland, this species is still in use today as potherb (Łuczaj and Szymański, 2007).

The main chemical compounds in the genus Rumex are antraquinones (emodin, physcion, and chrysophanol in fruits and leaves, and sennoside A in fruits and roots), nepodin, and flavanoids (quercetin-3-O-glucoside) with important antioxidant activity, while the stilbenoids demonstrated to have a positive impact in cancer therapy and inflammatory diseases (Wegiera et al., 2007; Vasas et al., 2015).

In Romanian ethnomedicine R. acetosella is recommended for its digestive, stomachic, laxative, cleansing, antidiarrheal, cholagogue, diuretic, emmenagogue, anthelmintic, astringent, appetite-stimulant, nutritious, anti-anemic, and antiscorbutic properties (Milica et al., 2012). This plant was recommended for treating paralysis (Craciun et al., 1976), hepatitis, jaundice, cholelithiasis, constipation, pulmonary illnesses, asthma, insect bites, gout, leucorrhea, nephritis, wounds, acne, boils, ringworms, cancerous ulcerations, and fever and as mineralizing treatment and for blood purification in the spring (Milica et al., 2012).



V. album L.—White Hellebore, Melanthiaceae

V. album has a long history of medicinal use, dating back as far as Hippocrates in which dilutions of the plant are prescribed to produce upward purging. Through the 1700s, preparations of V. album root and rhizomes were used medicinally in Europe primarily for their emetic properties (Chandler and McDougal, 2014). In the folk medicine V. album is used to treat rheumatism, toothache, gout, herpes, trigeminal neuralgia, and catarrh, and as an hypotensive agent (Furbee, 2009; Ujváry, 2010; Wiart, 2012; Roberts and Wink, 2013).

The medicinal, and the toxic properties of white hellebore are given by the presence of steroidal alkaloids including proveratrine, cevadine, protoveratrine, jervine, veratramine, and veratridine, the last being the most poisonous of all. Some of the symptoms of intoxication with white hellebore are hypotension, bradycardia, and paralysis (Furbee, 2009). Similar to C. maculatum, the alkaloids presence in all plant parts gives the species sedative and anti-inflammatory properties, antihypertensive activity being also described, especially linked to the presence of protoveratrine A and B (Krayer and Meilman, 1977).

In the Romanian ethnomedicine V. album is used for its neuro-sedative (Craciun et al., 1976; Parvu, 2000; Ardelean et al., 2008), hypotensive, narcotic, hypnotic, antipyretic (Parvu, 2000), anthelmintic, and insecticidal effects (Milica et al., 2012). The plant is used for treating malignant hypertension, hypertensive crisis, eclampsia, fever, eczemas, mange, itchy skin (Parvu, 2000), rheumatism, gout, eczema (Ardelean et al., 2008; Milica et al., 2012), pneumonia, whooping cough, intermittent fever, mental illnesses, psychiatric disorders, mania, mange, pruritus, psoriasis, and herpes zoster (Milica et al., 2012).



X. spinosum L.—Bathurst Burr, Asteraceae

In ethnomedicine X. spinosum is used in renal disorders, for its antibacterial, antifungal, and anthelminthic properties; calming influence; wound healing properties; and the efficacy of infusions in treating benign prostate hyperplasia (Domokos et al., 2016; Aldibekova et al., 2018). It was used against rabies, to relieve chronic fevers, to abate diabetes effects, even to stimulate saliva production for its diuretic effect (Andreani et al., 2017) and “it exhibits” noticeable antioxidant activity (Aldibekova et al., 2018). In Pakistani local communities the leaves and fruits are reported to be diaphoretic, diuretic, and sedative and used for hydrophobia while the infusion of root is emetic (Aziz et al., 2018).

The main chemical compounds are polyphenols, flavones, diterpenes, sesquiterpene lactones (xanthatin), phytosterols (Domokos et al., 2016), tannins, and essential oils (Aldibekova et al., 2018). It has been showed that xanthatin can inhibit the growth of Gram positive bacteria (Staphylococcus aureus and Bacillus cereus) and fungi (Colletotrichum gloesporoides and Trichothecium roseum) (Ginesta Peris et al., 1994). In vitro and in vivo studies showed that xanthatin and xanthinosin have chemopreventive properties, inhibiting tumor cells proliferation (Ramírez-Erosa et al., 2007; Romero et al., 2015). The therapeutic properties of xanthatin can be extended also to antiviral (herpes simplex virus, feline corona virus, influenza A H1N1 and A H3N2, influenza B, repvirus, respiratory syncytial virus etc.) and anti-angiogenic activities (Romero et al., 2015).

In Romanian ethnomedicine X. spinosum is recommended for its anti-inflammatory, diuretic, diaphoretic, and disinfectant effects (Bojor and Pop, 2010). This plant is recommended for treating polyuria, prostatitis, selective electrolyte retention (K+ and Mg2+) in the blood serum, protection of the myocardium, prostate adenoma, nephrolithiasis (Bojor and Pop, 2010), rabies, and hyperthyroidism (Ardelean et al., 2008).



X. strumarium L.—Common Cocklebur, Asteraceae

Although the fruit is the predominant part of X. strumarium used in folk medicine (Fan et al., 2019), the leaves and roots have been used for their diaphoretic, diuretic, emollient, appetite-stimulant, laxative, antirheumatic, antisyphilitic, anodyne, and sedative properties (Chopra et al., 1956). Traditionally, this species is also used as febrifuge drug and as an immunostimulant, against malaria, as well as dysentery cure, astringent, sedative, analgesic, against leucorrhea and urinary diseases, eczema and skin disease, bleeding, insect bite, to treat boils and pimples, against smallpox and stomach diseases, earache and strumous disease, leprosy, headache, and fever (Katewa, 2008; Kozuharova et al., 2019). In Yemen and Russia, X. strumarium is used as a medicine soothing illness, hemolytic, reducing temperature, skin diseases, antimicrobial, for ulcers, and antifungal (Aldibekova et al., 2018).

In common cocklebur the aerial parts' main compounds are the sesquiterpene lactones (guianolides, elemanolides, germacranolides, xanthinium, xanthumin, xanthatin) with important anti-inflammatory, antiviral, antitumor, and antimicrobial properties (Kamboj and Saluja, 2010; Fan et al., 2019).

A series of compounds with pharmacological importance have been identified in all parts of X. strumarium: glycosides (xanthostrumarin, atractyloside, carboxyatractyloside, the last being also the most toxic compound) (Kamboj and Saluja, 2010), phytosterols (xanthanol, isoxanthonol, xanthinosin, 4-oxo-bedfordia acid) (Olivaro et al., 2016), caffeoylquinic acid, thiazinodine, diacetyl xanthumin (antifungal compound), linoleic acid, and triterpenoids (botulin, betulinic acid, erythrodiol, lupeol acetate, oleanolic acid, amyrin) (Kamboj and Saluja, 2010; Yadav et al., 2015; Fan et al., 2019). In n-butanol fraction of the ethanolic extract of X. strumarium has been proven to possess the highest analgesic and anti-inflammatory activity (Han et al., 2007).

In Romanian ethnomedicine, the whole X. strumarium plant is recommended for treating diabetes (Grigore and Grigore, 2007).




Recommended Ethnomedicinal Uses of Some Meadow Weeds in Romania and Other Neighboring East European Countries

The weed species growing on the Romanian meadows, which have to be removed by land owners or farmers if public subsidies under EU's CAP are expected, have multiple and documented uses in TM. Yet, two of these species, C. maculatum and V. album are very toxic and they are not recommended for human use, but they can be potential valuable sources of pharmaceutically active compounds.

For the majority of these meadow species have been reported details of their recommended ethnomedicinal uses in Romania (Table 1). On the Romanian market many commercial herbal products that have ingredients derived from the meadow weeds are on sale, including through e-commerce (Supplementary Table 1).


Table 1 | Ethnomedicinal uses of the meadow weeds in Romania.



The same meadow weeds have been used in the TM (Table 2) in many neighboring European Eastern countries (Supplementary Figure 1).


Table 2 | Ethnomedicinal use of the meadow weeds in neighboring East European countries.



From all 10 species, A. lappa has recorded the highest number of ethnomedicinal recommended uses, both in Romania and neighboring East European countries. On the contrary, we were not able to find any documented use of P. aquilinum in Romanian ethnomedicine, but in Kosovo its leaves decoction is used as antibacterial and diuretic treatment (Mustafa et al., 2012).

Medicinal plants have historically proven their value as a source of molecules with therapeutic potential, and still represent an important pool for the identification of novel drug leads. Particularly relevant examples of plant-derived natural compounds that have become indispensable for modern pharmacotherapy are the anti-cancer agents, e.g., paclitaxel and its derivatives from Taxus species, vincristine and vinblastine from Catharanthus roseus (L.) G. Don, and camptothecin and its analogs initially discovered in Camptotheca acuminata Decne. (Atanasov et al., 2015). There were an estimated 18.1 million new cases of cancer and 9.6 million deaths from cancer worldwide in 2018 from which in Romania alone been registered 83,461 new cases and 50,902 deaths (Ferlay et al., 2019). As a highly relevant aspect related to human health, the reviewed peer-reviewed publications reported the use of seven out of the 10 species, i.e. A. lappa, C. maculatum, E. cyparissias, P. aquilinum, R. acetosella, X. spinosum, and X. strumarium, as treatments in ethnomedicine for different types of cancer (e.g. prostatic, pulmonary, endometrial), cancerous ulcerations and tumor development in Eastern European countries, suggesting further investigations. From all the above-mentioned species, only three of them have been reported in Romanian for treatment of cancerous ulcerations (R. acetosella) and prostate cancer (X. spinosum, and X. strumarium). At least one commercial herbal product containing both herba Xanthii and herba Xanthii spinosi is sold on the Romanian market.



The Raw Plant Material and Its Influence on the Authenticity of the Derived Herbal Products

The herbal products, sold as medicines or food supplements, represent a core part of the TM which has been has recognized by the World Health Organization (WHO) as a growing and expanding global phenomenon (World Health Organization, 2013). The rapidly expanding global market is expected to reach US$ 115 billion in 2020 (Raclariu et al., 2018) while the trade of medicinal plants will grow at the rate of 15%–25% annually and will reach US$ 5 trillion by 2050 (Booker et al., 2012). The increasing demand for herbals and the limited supply of many species that are harvested from the wild (Coghlan et al., 2015) is stimulating the economically-motivated adulteration (EMA) (Simmler et al., 2018). It was recently reported that 27% of almost 6,000 commercial herbal products sold in 37 countries were found to be adulterated, while in Europe almost half (47%) were adulterated. In Romania, 94% of the herbal products analyzed (n = 70) were reported to be adulterated, when their composition was compared with the labeled ingredient species (Ichim, 2019). The availability of new plant biomass while is removed from the Romanian meadows by its owners or farmers can become readily available to the interested users and could reduce the pressure on the existing sources of raw materials. Moreover, because only selected species have to be searched, identified and removed, a supplementary quality check is added to the plant raw material, before being further used or processed, which represents additional benefits for the quality of the herbal products and their benefits for the human health.



Conclusion

The Romanian landowners or farmers have to remove from their meadows 10 plant species without fodder value or toxic to animals as a compulsory condition to receive the public subsidies under EU's CAP. For these unwanted meadow weeds have reported many and various uses in Romanian ethnomedicine, as well as in other nine neighboring East European countries. Some of the ethnopharmacological uses are highly relevant for the modern medicine, supporting the use of the removed biomass from the meadows as additional or alternative source of pharmacologically active ingredients. The local communities and the industry of herbal food supplements can take immediate advantage from these raw plant materials, readily and easily available, while assuring their environmentally-friendly, sustainable, and supportive of local traditions and commercial use.
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Sideritis species are recognized as important medicinal plants and their commercial demand is continuously on the rise both in the European and in the global market. Consequently, the cultivation of Sideritis species has been occurred to successfully meet the need for mass production of high-quality plant material. The present study was undertaken in order to investigate the chemical composition of cultivated S. cypria. Infusions of flowers and leaves were prepared separately, according to the European Medicine Agency (EMA) monograph. The infusion of the flowers revealed the presence of four flavones, isoscutellarein-7-O-[6′″-O-acetyl-β-D-allopyranosyl-(1→2)-β-D-glucopyranoside, its 4′-O-methyl-derivative, 4′-O-methyl-hypolaetin-7-O-[6′″-O-acetyl-β-D-allopyranosyl-(1→2)-β-D-glucopyranoside, and isoscutellarein-7-O-[6′″-O-acetyl-β-D-allopyranosyl-(1→2)]-6″-O-acetyl-β-D-glucopyranoside; four phenylethanoid glucosides, acteoside, leucosceptoside A, lamalboside, and leonoside A; one iridoid, melittoside, and one phenolic acid, chlorogenic acid, while the infusion of the leaves of the same population afforded the same first two flavones; five phenylethanoid glucosides, acteoside, leucosceptoside A, lavandulifolioside, leonoside A, and lamalboside; melittoside and chlorogenic acid. The structural elucidation of the isolated compounds was undertaken by high-field NMR spectroscopy. Moreover, the essential oils of the flowers and leaves were studied by GC-MS, separately. In addition, the mineral, bioactive compounds, protein and carbohydrate contents were evaluated for both plant materials.
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Introduction

Sideritis species (Lamiaceae) have been used as traditional medicine herbs for thousands of years (González-Burgos et al., 2011) and the last 30 years safe use (including 15 years in the EU) with well-defined posologies and mode of preparation (EMA, 2015). Nowadays, the infusion of Sideritis scardica Griseb.; Sideritis clandestina (Bory & Chaub.) Hayek; Sideritis raeseri Boiss. & Heldr.; and Sideritis syriaca L., has been listed by European Medicine Agency (EMA) as a traditional medicine for the relief of mild gastrointestinal discomfort and against the common cold (EMA, 2015). Previous detailed studies underlie the important pharmacological activities of the genus such as the antioxidant, anti‐inflammatory, antivirus, anticancer, hepatoprotective, antispasmodic, analgesic, neuroprotective activity, as well as its great effectiveness against diseases related to the central nervous and to the urinary system (Kirimer et al., 2004; González-Burgos et al., 2011; EMA, 2015; Hofrichter et al., 2016; Deveci et al., 2017; Aneva et al., 2019). Indeed, a clinical study that carried out by Wightman et al. (2018), showed that S. scardica (Greek mountain tea) improved the aspects of cognitive function and mood in a group of healthy, older adults. Therefore, these plants have been a subject of intensive phytochemical research and are characterized mainly by the presence of terpenes, flavonoids, phenylethanoid glucosides, phenolic acids, and essential oil (González-Burgos et al., 2011; EMA, 2015).

The genus Sideritis L. comprises around 150 species (Aneva et al., 2019); among them, the endemic species S. cypria Post. is a perennial herb belonging to the section Empedoclia Rafin., 60 cm high with bright yellow flowers, growing at altitude 300–925 m in Pentadactylos Mountains in Northern Cyprus (Meikle, 1985; Yildiz and Gücel, 2006; Tsintides et al., 2007). In particular, three Sideritis species have been found in Cyprus; S. curvidens Stapf, S. perfoliata L., and the endemic S. cypria Post (Hanoğlu et al., 2020). Traditionally, the infusion of S. cypria is locally used as diaphoretic, tonic, as well as against stomach disorders, headache and common cold (Yöney et al., 2010; Karousou and Deirmentzoglou, 2011; Hanoğlu et al., 2020). Hanoğlu et al. (2016) reported the antimicrobial efficacy of essential oils derived by S. cypria, and suggested to be used as a new medicinal resource particularly against C. albicans and Gram-positive bacteria.

However, the secondary metabolites of the traditional infusion of this plant are still undershadowed. The literature survey revealed only two publications concerning the chemical characterization of wild harvested S. cypria of its essential oil (Hanoğlu et al., 2016) and extracts (Hanoğlu et al., 2020). Therefore, for the purpose of this study, we investigated and compared for the first time the chemical composition of the traditional infusions of different plant parts, leaves and flowers, of cultivated S. cypria. In parallel, the essential oils and the mineral, bioactive compounds, protein, and carbohydrate contents of the flowers and the leaves of cultivated populations have been studied.



Materials and Methods


Plant Material

Sideritis cypria was collected from the Cypriot National Agricultural Department, on June 2019. Species seeds are kept at the Agricultural Research Institute, national gene bank (Accession number: ARI02415), collected in 2018 (Universal Transverse Mercator-UTM with latitude 546102; longitude 3904418, altitude 640). This is the first registered time that the plant has been cultivated, and plants from the first (mother) plantation were collected at their flower stage, for this analysis. Plantation was established at 2018, frequently irrigated (~ weekly/biweekly during irrigation period) and common fertilizers applied, with 20-10-10 once a year as basic fertilizer and 19-19-19 every second month as fertigation. Representative images of the different plant parts are presented in Figure 1.




Figure 1 | Sideritis cypria, (A) cultivated crop, (B) plant, (C) flower, and (D) upper and bottom leaf area.





Mineral Content and Nutritional Value

In the present study we use the word “flowers” in a wide sense which is usual in pharmacy. In this case we refer as "flowers" the whole inflorescence, including corollas, calyces, bracts and axis. Thus, we do not use “flowers” in its strict botanical sense. Aerial parts of the plants were separated into leaves and flowers (including corollas, calyces and bracts) and dried until constant weight at 65°C, using an air-drying oven. Dried tissue was then milled to pass a 0.42 sieve and ashed in a furnace (Carbolite, AAF 1100, GERO, Germany) at 450°C for 6 h. Nitrogen was determined using the Kjeldahl method (BUCHI, Digest automat K-439 and Distillation Kjelflex K-360, Switzerland). For the determination of minerals, tissue was acidified with 2 N hydrochloric acid (HCl). Phosphorus (P) was assayed with the molybdate/vanadate method while potassium (K), calcium (Ca), sodium (Na), magnesium (Mg), copper (Cu), zinc (Zn), and iron (Fe) were determined using an atomic absorption spectrophotometer (PG Instruments AA500FG, Leicestershire, UK) as described previously (Chrysargyris et al., 2019a). The nutritional value of leaves and flowers was determined according to the methods described by AOAC (AOAC, 2016). The protein content (in dry weight; d.w.) was determined by using the Kjeldahl method (N × 6.25), petroleum ether Soxhlet extraction was used for total fat determination, and tissue incineration (600°C) for moisture. The total content of carbohydrates was determined by difference, and the energetic value was calculated using the following formula: Energy (kcal/100 g d.w.) = 4 × (g protein/100 g d.w. + g carbohydrate/100 g d.w.) + 9 × (g fat/100 g d.w.). Results were expressed in g/100 g d.w. Four replicates were analyzed for each plant part, while each replicate was a pool of three different plants (Table 1).


Table 1 | Mineral analysis and nutritional value of aerial plant tissue, leaves, and flowers.





Bioactive Compounds of Plant Extracts

Both the infusion and the decoction of leaves and flowers were used for the estimation of the total phenolic and flavonoid content, as well as the evaluation of bioactive compounds of the plant (Table 2). The extracts were diluted with 50% methanol to reach a concentration of 2 mg/ml. The phenolic content was determined according to the Folin-Ciocalteu method. The reaction mixture consisted of 0.5 ml of each extract (2 mg/ml), 0.5 ml of Folin Ciocalteu reagent, and 5 ml of water. The reaction was incubated for 1 h before absorbance was measured at 765 nm (Goulas et al., 2014). Results were expressed as mg of gallic acids equivalents per g of dry material. Total flavonoids content was estimated as described by Chrysargyris et al. (2016), using the aluminum chloride colorimetric method, and results were expressed as mg of rutin equivalents per g of dried tissue.


Table 2 | Total phenolics and flavonoids content and bioactive compounds of infusion and decoction of S. cypria.



Extracts bioactivity was evaluated by the DPPH (2,2-diphenyl-1-picrylhydrazyl) and the ferric reducing antioxidant power (FRAP) assays. Serial dilutions of the extracts (0–1,000 μg/ml) were incubated with 0.3 mmol/L of DPPH for 30 min, and absorbance was measured at 517, as described by Goulas et al. (2014). The % of scavenging activity was determined using the formula: scavenging activity %=100-(Absorbance samples-Absorbance blank)100/Absorbance control. IC50 values are the concentration of each extract that has the 50% of the antioxidant activity. The FRAP assay was also tested, as described by Chrysargyris et al. (2016), using serial dilutions of Trolox [(±)-6-hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic acid], as the reference standard. Results were expressed as mg Trolox per g of dried weight. All samples were tested in four replicates.



Essential Oils Extraction and Analysis

Aerial plant parts (leaves and flowers, separately) were placed in an air-drying oven at 42°C, for 48 h, until constant weight. Hydrodistillation was adopted for the extraction of the essential oils, using Clevenger apparatus. The duration of the extraction was 3 h for each sample, while four samples (pool of three plants per sample) were subjected for extraction and then for oil analysis. The essential oil yield was measured as μl of oil per 100 g of dried tissue.

The analysis of the essential oil components was carried out using a Shimadzu GC2010 gas chromatograph interfaced with a Shimadzu GC/MS QP2010plus mass spectrometer. A sample of each essential oil (1 μl) diluted in ethyl acetate (1:1,000) was injected in the autosampler, in split mode (1:20). The injector temperature was set at 230°C and the column temperature was programmed to rise from 60°C to 240°C at a rate of 5°C/min, with a 5 min hold at 240°C. Compound separation was performed on a Zebron ZB-5 (Phenomenex, USA) capillary column (0.25 μm x 30.0 m x 0.25 mm). Helium was used as the carrier gas with a flow set at 1.03 ml/min. Electron mass spectra with ionization energy of 70 eV was recorded at 35–400 m/z. The identification of oil components (Table 2) was assigned by comparison of their retention indices relative to (C8–C20) n-alkanes with those of literature or with those of authentic compounds available in our laboratory, by matching their recorded mass spectra with those stored in the NIST08 mass spectral library of the GC–MS data system and other published mass spectra (Adams, 2012).



Isolation and Identification of Secondary Metabolites of Flowers and Leaves Infusions


General Experimental Procedures

1D- and 2D-NMR spectra were recorded in CD3OD on Bruker DRX 400 instrument at 295 K. Chemical shifts are given in ppm (δ) and were referenced to the solvent signals at 3.31 and 49.0 ppm. COSY (COrrelation SpectroscopΥ), HSQC (Heteronuclear Single Quantum Correlation), HMBC (Heteronuclear Multiple Bond Correlation), and NOESY (Nuclear Overhauser Effect SpectroscopY) (mixing time 950 ms) experiments were performed using standard Bruker microprograms. The [α]D values were obtained in CH3OH on Perkin Elmer 341 Polarimeter. UV-Vis spectra were recorded on a Shimadzu UV-160A spectrophotometer, according to Mabry et al. (1970). Column chromatography (CC): silica gel (Merck, Art. 9385, Darmstadt, Germany), gradient elution with the solvent mixtures indicated in each case. Preparative‐thin‐layer chromatography (TLC) plates pre‐coated with silica gel (Merck, Art. 5721). Fractionation was always monitored by TLC silica gel 60 F‐ 254, (Merck, Art. 5554) and cellulose (Merck, Art. 5552) with visualization under UV (254 and 365 nm) and spraying with vanillin‐sulphuric acid reagent and with Neu’s reagent (Neu, 1957) for phenolic compounds. In the whole process, all the obtained infusions, fractions, and isolated compounds were evaporated to dryness in vacuum under low temperature and then were put in activated desiccators with P2O5 until their weights had stabilized, in order to eliminate the moisture from the samples that might influence pre‐saturation performance and then lead to an intense water signal in the 1H‐NMR spectra, making it difficult to observe near signals.



Fractionation and Isolation Procedure

Infusions of cultivated S. cypria Post were prepared based on the monograph of EMA, namely, 4.0 g of air-dried flowers and 4.0 g of air-dried leaves were separately dropped into 200 ml boiled distilled water each for 5 min, then were filtrated and concentrated to dryness. The infusion of flowers (1.1 g) was fractionated by CC over silica gel using as eluent mixtures of CH2Cl2:MeOH:H2O 9.9:0.1:0.01-0:1:0 to yield finally 27 fractions (A-Z1). Fractions J and K were combined (6.0 mg; eluted with CH2Cl2:MeOH:H2O 8:2:0.2-7.8:2.2:0.2) and afforded compound 4 (4.1 mg). Fraction N (eluted with CH2Cl2:MeOH:H2O 7.8:2.2:0.2) yielded compound 1 (3.3 mg). Fraction Q (10.2 mg; eluted with CH2Cl2:MeOH:H2O 7.5:2.5:0.2) was further purified by preparative TLC plates pre‐coated with silica gel and gave compounds 3 (1.7 mg) and 6 (3 mg). Combined fractions R, S, T, and U (108.0 mg; eluted with CH2Cl2:MeOH:H2O 7.5:2.5:0.25-6.8:3.2:0.32) were further fractionated by CC over silica gel using as eluent mixtures of CH2Cl2:MeOH:H2O 9.7:0.3:0.03-0:1:0 and afforded compound 1 (0.7 mg), a mixture of compounds 2 and 6 (0.7 mg), as well as compounds 5 (3.4 mg) and 8 in mixture with free sugars (5.2 mg). Compound 8 was further purified by preparative TLC plates pre-coated with silica gel and gave pure compound 8 (2.4 mg). Fraction Y (58.8 mg; eluted with CH2Cl2:MeOH:H2O 6:4:0.4) was subjected to CC over Sephadex (MeOH:H2O 100:0-90:10) and yielded compounds 9 (5.1 mg), 10 (15.3 mg) and 11 (1.6 mg).

The infusion of leaves (0.7 g) was fractionated by CC over silica gel using as eluent mixtures of CH2Cl2:MeOH:H2O 9.9:0.1:0.01-0:1:0 to afford finally 23 fractions (A–W). Fraction I (0.9 mg; eluted with CH2Cl2:MeOH:H2O 7.8:2.2:0.2) was identified as compound 1 (0.9 mg). Fractions K and M were eluted with CH2Cl2:MeOH:H2O 7.5:2.5:0.2 and gave compounds 2 (0.7 mg) and 6 (1.2 mg), respectively. Fraction Q (56.3 mg; eluted with CH2Cl2:MeOH:H2O 7:3:0.3-6.8:3.2:0.32) was applied to CC over silica gel using as eluent mixtures of CH2Cl2:MeOH:H2O 9.9:0.1:0.01-0:1:0 and afforded compounds 5 (2.5 mg) and 8 (0.7 mg). Fraction S was eluted with CH2Cl2:MeOH:H2O 6.5:3.5:0.35 and yielded compound 7 (9.0 mg). Fraction U (61.0 mg; eluted with CH2Cl2:MeOH:H2O 6:4:0.4) was subjected to CC over Sephadex (MeOH:H2O 100:0-90:10) and afforded compounds 9 (3.4 mg), 10 (14.8 mg) and 11 (1.4 mg).





Results


Minerals, Nutritional Content, and Extracts Bioactivity

The mineral composition and the nutritional traits of both flowers and leaves of S. cypria plants are illustrated on Table 1. Flowers appeared to have significantly higher nutritional value than leaves, in terms of protein levels, total fats and carbohydrates, resulting in higher energy content. As for the minerals, flowers are richer in N, P, and Mg, while leaves have higher content of K, Ca, and Na. For the cases of K and Ca, concentration in leaves is almost two times higher than in flowers. Micronutrients as Fe and Cu were found in bigger amounts in leaves when compared to flowers but Zn remained at the same levels in leaves and flowers.

For the evaluation of the extract’s bioactivity (Table 2), two different extracts were assayed; the infusion and the decoction of both flowers and leaves. In both cases of extracts, bioactive compounds and the correlated phenolic content appeared significantly higher for the flower extracts. In all cases, the infusion values were higher than the ones obtained from the decoction extracts. Total phenolic content in the infusion of flowers appeared more than double compared to the corresponding leaf extract. The same trend was revealed for all the bioactive compounds (DPPH and FRAP) assays tested, with the most remarkable differences to be evidenced for the total flavonoid content. Here flowers had more than 4 times higher values, in terms of rutin equivalents; 32.004 mg rutin per g of dried tissue for the flowers while the leaf content was found at 7.721 mg rutin per g of dried tissue.



Essential Oils Yield and Compound Identification

The essential oil yield of the two plant parts tested in this study appeared significantly different. Flowers exhibited higher yield with 0.25% (± SE 0.029) while the essential oils of leaves were in relatively low level and did not exceed 0.03% (± SE 0.003). The GC/MS analysis that followed delivered 34 compounds in the leaves’ oils and 31 compounds in the oils obtained from the flowers; 29 of these compounds appeared in the oils from both plant parts, but with great variability in terms of contribution to the oil profile (Table 3). The five and two compounds found only in leaves and flowers respectively, represent components with less than 0.350% (nonanal) each, out of the total chromatogram. In the oils from the leaves, the major terpenes were the monoterpenes hydrocarbons with 51.45%, followed by sesquiterpenes hydrocarbons (23.41%) and oxygenated sesquiterpenes (22.18%), while in flowers the total monoterpenes hydrocarbons reached 88.38%, and oxygenated compounds in total did not exceed 4.35% (1.34% and 2.99%, for mono- and sesquiterpenes, respectively). The major compounds identified in leaves were β-phellandrene (25.11%), β-caryophyllene (22.52%), α-pinene (11.92%), 14 hydroxy-β-caryophyllene (9.88%), and caryophyllene oxide (8.32%). In flowers, the dominant compound is α-pinene (37.97%), followed by β-phellandrene (25.81%), β-pinene (14.67%), β-caryophyllene (6.83%) and sabinene (5.58%). With the exception of β-phellandrene, the other major compounds differ significantly in terms of percentage (%) between the two tested oils. Comparing the total chromatographs of the two tested oils, the majority of the compounds (in terms of percentage participation), are significantly different, except eight compounds (Table 3). Considering the essential oil analysis in leaves and flowers separately, this is the first report of the analysis of the essential oils from S. cypria flowers.


Table 3 | Chemical composition (%) of essential oils of Sideritis cypria leaves and flowers.





Identification of Non Volatile Secondary Metabolites

The infusion of the flowers of cultivated S. cypria yielded four flavones, isoscutellarein-7-O-[6′″-O-acetyl-β-D-allopyranosyl-(1→2)-β-D-glucopyranoside (1) (Lenherr and Mabry, 1987), 4′-O-methyl-isoscutellarein-7-O-[6′″-O-acetyl-β-D-allopyranosyl-(1→2)-β-D-glucopyranoside (2) (Venditti et al., 2014), isoscutellarein-7-O-[6′″-O-acetyl-β-D-allopyranosyl-(1→2)]-6″-O-acetyl-β-D-glucopyranoside (3) (Halfon et al., 2013), and 4′-O-methyl-hypolaetin-7-O-[6′″-O-acetyl-β-D-allopyranosyl-(1→2)-β-D-glucopyranoside (4) (Halfon et al., 2013); four phenylethanoid glucosides, acteoside (5) (Kawada et al., 1999), leucosceptoside A (6) (Miyase et al., 1982), leonoside A (8) (Çaliş et al., 1992), and lamalboside (9) (Budzianowski and Skrzypczak, 1995); one iridoid, melittoside (10) (Śawia̧tek et al., 1981), and one quinic acid derivative, chlorogenic acid (11) (Armata et al., 2008).

Moreover, the infusion of the leaves of the same population afforded two flavones, isoscutellarein-7-O-[6′″-O-acetyl-β-D-allopyranosyl-(1→2)-β-D-glucopyranoside (1) and 4′-O-methyl-isoscutellarein-7-O-[6′″-O-acetyl-β-D-allopyranosyl-(1→2)-β-D-glucopyranoside (2); five phenylethanoid glucosides, namely the four previously found in the infusion of flowers and lavandulifolioside (7) (Başaran et al., 1988), moreover the same iridoid and quinic acid derivative have been isolated (Figure 2).




Figure 2 | Structures of isolated compounds 1–11.



Leonoside A (8) was first isolated from Stachys sieboldii in 1991 (Nishimura et al., 1991) as stachysoside B. Later, Çaliş et al. (1992) isolated it from Leonurus glaucescens and it was given the name “leonoside A”. From the genus Sideritis L., it has been previously isolated only from S. trojana Bornm. (Kirmizibekmez et al., 2012). Our study confirms the presence of leonoside A in S. cypria (Hanoğlu et al., 2020) and we report for the first time the isolation of this compound from the infusion of both, leaves and flowers. It is interesting to point out that compounds 2- 4, 9 - 11 had been mentioned previously in the genus Sideritis L., but not in S. cypria. Thus, the aforementioned compounds are reported as components of S. cypria for the first time. The structures of the isolated compounds were elucidated by spectroscopic data. Intriguingly, the NMR data of compounds 8, 9, and 10 are not fully recorded in the literature, therefore, herein, are presented (Tables S1–S3).

It is important to mention that the chemical characterization of the total infusions and the sub fractions were monitored by NMR techniques, which enabled us to identify and isolate all the main and the minor components.




Discussion

The mineral content of S. cypria leaves differs from that of the flowers. As it was mentioned previously, leaves are richer in potassium and calcium while flowers in magnesium and phosphorus, and this is of great importance as reported by Bojovic et al. (2011), as water tea-infusions had large portions of K, P, Na, and Cu, and different parts of the plants can contribute in various ways on human nutrition. Comparing to other species of the genus, S. cypria leaves have similar levels of potassium (28.40 g/kg) with the leaves of S. perfoliata, ranging from 20.65 to 29.84 g/kg, depending on the cultivation method (Chrysargyris et al., 2019b). S. cypria has almost two times higher content of phosphorus and calcium, in both plant parts, than S. perfoliata (Chrysargyris et al., 2019b; Lall et al., 2019). Species S. scardica and S. raeseri appear poorer in terms of mineral content, and demonstrate almost half the quantities of the majority of nutrients as K, P, Ca, Mg (Karapandzova et al., 2013), compared to S. cypria. Trikka et al. (2019) evaluated different species of Sideritis genus from different geographical regions of Greece and plants exhibited high variability, even within species (S. perfoliata, S. scarica, S. raeseri), and had lower contents in minerals than S. cypria. These variations may be the effect of the cultivation practices applied or/and the harvesting periods (Chrysargyris et al., 2019b).

Regarding the nutritional value, the flowers of S. cypria are richer in protein, fats, and carbohydrates than leaves. S. perfoliata aerial parts (leaves) demonstrate protein content up to 14.64%, while in S. cypria the corresponding content was 8.06% and 9.02% for leaves and flowers. Total fats and carbohydrates demonstrated almost similar values for S. cypria (1.78% and 72.90%) and S. perfoliata (1.76% and 73.53%). A research conducted to investigate the chemical profile and metabolite content of S. italica, revealed that the protein content of the plant parts were 6% and 10% for the leaves and flowers, respectively (Menghini et al., 2014), values similar to S. cypria protein content. Generally, in the Lamiaceae family, protein content may vary among different species of the same genus. As it was assayed by Tunçtürk et al. (2017), Thymus species had protein content varying from 6.85-14.34%, while Mentha species as M. longifolia and M. spicata demonstrated protein content of 13.86% and 15.13%, respectively.

The bioactive substances of the two types of aqueous extracts for both plant parts demonstrated the same trend; flowers are richer in compounds as phenolics and flavonoids, and thus, exhibiting higher bioactivity (Phatak and Hendre, 2014). Additionally, the infusions demonstrated higher bioactivity and appear to be richer than decoctions, due to the higher polarity of the solvent used (Martins et al., 2015). In general, plant’s extracts appear to be less strong compared to other species of genus. S. syriaca’s decoction demonstrated total phenolic compounds almost 18 mg GAE/g Dw (Goulas et al., 2014), while S. cypria decoction ranged between 1.39 and 3.92 mg GAE/g Dw (for leaves and flowers, respectively). Nevertheless, plant species, cultivation practices, environmental conditions, and extraction methodology are parameters, to name a few, that affect the bioactive status of plants (González-Burgos et al., 2011; Chrysargyris et al., 2019b).

According to literature, Sideritis genus species yield low essential oil quantities, compared to other Lamiaceae species (González-Burgos et al., 2011). There are reports that indicate this yield variation among species, that range from traces (< 0.01%) of essential oil in many Sideritis species (Kirimer et al., 2004; Bojovic et al., 2011) to 0.94% (S. lanata) (Koutsaviti et al., 2013). S. cypria follows the same trend, with the flower’s essential oil yield to be significantly higher (0.25%) than leaves’ yield, which was measured at considerably low numbers of 0.03%. Hanoğlu et al. (2016; 2020) recorded a yield of 0.49%, when hydrodistilled S. cypria plants, during or post-flowering that were collected from mountains in north Cyprus (500–750 m altitude). This variation with the present results might be attributed that wild harvested plant tissue in mountain areas (Hanoğlu et al., 2016; Hanoğlu et al., 2020) can differ on the essential oil yield and aromatic profile, compared with cultivated crop in lowland.

As for the compounds, of the two oils tested (leaves and flowers), analysis showed remarkable differences in composition. The major compounds of leaves are β-phellandrene (25.11%) and β-caryophyllene (22.52%), followed by α-pinene (11.92%), 14 hydroxy-β-caryophyllene (9.88%), and caryophyllene oxide (8.32%). All these components were identified as well by previous studies of the plant during flowering phase, but with different percentages, while β-phellanderene was identified again as the major compound (17.83%) (Hanoğlu et al., 2020). The same authors referenced their previous work (Hanoğlu et al., 2016) mentioning that when oils from post flowering stage were analyzed, the compounds and their amounts varied, compared to those during flowering. Plants evaluated in this study were collected during flowering stage, and leaves’ oil profile is similar to the report of Hanoğlu et al. (2020), but with differences mostly in secondary compounds, in terms of their participation in the oil profile. These differences can be ascribed to the separate analysis of leaves and flowers, and to the differences that occur due to plant’s origin and cultivation practices. Hanoğlu et al. (2020) collected plants from the mountains of north Cyprus, while plants tested in this study are plants from the first official cultivation reported in Cyprus for S. cypria. That means that plants are subjected to specific irrigation regimes and cultivation practices, while plants collected from wild exhibit great variability. Todorova and Trendafilova (2014) reviewed this variation in other Sideritis species oils as well, mentioning region as a factor of this variation. Chrysargyris et al. (2019b) also reported that cultivation practices and harvesting periods affect components of Sideritis species oils.

To our knowledge, this is the first report of S. cypria oils analysis that separates oils from different plant parts, and is the first analysis of the flower oil. The major compounds found in flower oil are α-pinene (37.97%), β-phellandrene (25.81%), β-pinene (14.67%), and β-caryophyllene (8.83%). These differences between flowers and leaves, concern not only single components, but can be examined as differences in the grouped compounds, as leaves appear richer in sesquiterpenes hydrocarbons (23.41%) and oxygenated sesquiterpenes (22.18%), while in flower the corresponding percentages are together almost 10% (7.02% and 2.99%, respectively). This is of great importance, as consumer can use either leaves or flowers or mixture of them during their usage of S. cypria, reflecting different aromatic profile and properties. Bojovic et al. (2011) reviewed the phytochemical profile of Sideritis species, indicating that essential oils are characterised by high contents of monoterpene hydrocarbons with α-pinene, β-pinene, sabinene, myrcene or limonene and of sesquiterpene hydrocarbons, particularly δ-cadinene and β-caryophyllene, as the main compounds. However, S. cypria is not on that extensive review list of species, highlighting the importance of the present study.

Monoterpenes such as pinenes and phellandrenes, among others are the main components of the odour of medicinal plants with biocidal activities. For example, β-phellandrene has been tested as a strong antimicrobial terpene while it exhibits insect repellent activities (Harrewijn et al., 2001). It has shown in vitro activity against Bacillus sp., Candida albicans, Escherichia coli, Pseudomonas aeruginosa, and S. aureus (Zhang et al., 2017). In plants, pinenes show fungicidal activity and have been used for centuries to produce flavors and fragrances, while the antimicrobial activity of some essential oils is attributed to the presence of α- and/or β-pinene (Rivas da Silva et al., 2012). α-Pinene is a monoterpene and member of hydrocarbon group of bicyclic terpenes that has not only a wide range of uses as a food additive (Yang et al., 2016), but also exhibits great biological activities as insecticidal, spasmolytic, anti-listerial, and anticholinesterase (Orhan et al., 2006). Additionally, Akutsu et al. (2002), found that α-pinene has a potential anti-stress activity. Moreover, β-pinene has also exhibited antidepressant activity, and furthermore it’s mode of action could be connected to the mechanism of the action of the most frequently used antidepressant drugs (Guzman-Guttierez et al., 2015). Orhan et al. (2006) also reported the anti-inflammatory activity of the compound, while reviewing the synergistic effect of α-pinene with β-caryophyllene, as anti- inflammatory compounds. Interestingly, β-caryophyllene alone is a compound which has been demonstrated to possess a great potential application for various pathological conditions, as central nervous system diseases (Parkinson’s disease, Alzheimer’s disease), osteoporosis, cancer, and antibacterial (Francomano et al., 2019). Importantly, it is also approved as food additive, taste enhancer, and flavoring agent by U.S. Food and Drug Administration (FDA) and European Food Safety Authority (EFSA) (Fidyt et al., 2016; Machado et al., 2018).

Continuing our study on Sideritis genus, this work reports for the first time the composition of the traditional infusions of S. cypria Post. The genus Sideritis L. is characterized by the presence of several different secondary metabolites, mainly terpenes and various phenolic derivatives. In the present study, overall, eleven compounds were isolated from both infusions of the flowers and the leaves of cultivated S. cypria. It is interesting to note that the two plant parts showed similar chemical composition. Precisely, from the sample of the flowers were isolated more flavones, compared to the sample of the leaves in which were identified more phenylethanoid glucosides.

Numerous studies over the last years have revealed the presence of a great number of glycosides of 8-hydroxy flavones in Sideritis species, such as acetylated or non-acetylated 7-O-allosyl (1→2)glucosides of isoscutellarein (8-hydroxy apigenin) and hypolaetin (8-hydroxy luteolin), as well as their 4′-methoxy derivatives (EMA, 2015; Stanoeva et al., 2015). In the current study, three isoscutellarein and one hypolaetin derivatives were found. The results are in agreement with previously well studied Sideritis species belonging to the section Empedoclia, i.e., S. scardica (Todorova and Trendafilova, 2014; EMA, 2015), S. perfoliata L. subsp. perfoliata (Charami et al., 2008; Chrysargyris et al., 2019b), S. euboea (Tomou et al., 2019), S. raeseri (Gabrieli et al., 2005; Romanucci et al., 2017), and S. syriaca (Plioukas et al., 2010; Goulas et al., 2014).

Hanoğlu et al. (2020) studied the chemical composition of non polar and polar extracts of S. cypria wild populations and reported the presence of four flavones, four phenylethanoid glucosides and one iridoid glucoside in the polar extracts. Comparing our results to the literature data, we confirm the presence of the same phenylethanoid glucosides, with the only difference the isolation of lamalboside in both infusions. It is noteworthy that lamalboside has been isolated previously only from two Sideritis species belonging to the Empedoclia section; S. germanicopolitana Bornm. and S. trojana Bornm. (Kirmizibekmez et al., 2012; Kirmizibekmez et al., 2019). Lamalboside, also known as lamiuside A, was first isolated and described from the genus Lamium L. (Budzianowski and Skrzypczak, 1995; Ito et al., 2006; Yalçın et al., 2007). Furthermore, considering the identification of the flavonoid derivatives, the two infusions were characterized by isoscutellarein derivatives. However, Hanoğlu et al. (2020) reported the isolation of four flavones; one isoscutellarein derivative and three apigenin derivatives. This distinguishment could be attributed not only in the fact that our plant material is originated from cultivation, but also to the different polarity of the investigated samples between the two studies. Importantly, our research also revealed the presence of chlorogenic acid, which has been previously found in many Sideritis spp. (Armata et al., 2008; Samanidou et al., 2012; Goulas et al., 2014; Irakli et al., 2018; Chrysargyris et al., 2019b; Tomou et al., 2019). It is interesting to note that in both infusions the main iridoid derivative was melittoside. In the specific section (Empedoclia), melittoside have been reported in the species S. euboea Heldr. (Tomou et al., 2019), S. montana L. (Koleva et al., 2003; Fraga, 2012), S. montana L. subsp. montana (Venditti et al., 2016), S. germanicopolitana Bornm (Kirmizibekmez et al., 2019), S. perfoliata L. subsp. perfoliata (Chrysargyris et al., 2019b), and S. syriaca L. (Koleva et al., 2003; Fraga, 2012). Acteoside and leucosceptoside A, found in our study, have been also isolated from S. euboea Heldr. (Tomou et al., 2019), S. perfoliata L. subsp. perfoliata (Charami et al., 2008; Chrysargyris et al., 2019b), S. scardica Gris. (Fraga, 2012; Todorova and Trendafilova, 2014), S. lysia Boiss et. Heldr. (Fraga, 2012), and S. raeseri Boiss et. Heldr. (Petreska et al., 2011), while lavandulifolioside has been isolated from S. euboea Heldr. (Tomou et al., 2019), S. perfoliata L. subsp. perfoliata (Charami et al., 2008; Chrysargyris et al., 2019b), and S. lysia Boiss et. Heldr (Fraga, 2012). Moreover, a survey of four infusions of cultivated S. raeseri subsp. raeseri was carried out and underlay the great antioxidant activity due to the high phenolic content, including chlorogenic acid, phenylethanoid glucosides and flavonoid derivatives (Pljevljakušić et al., 2011).

Chrysargyris and co-workers (2019b) have revealed the presence of three isoscutellarein derivatives, two phenylethanoids, one quinic acid derivative and six iridoids from the infusion of the cultivated S. perfoliata L. subsp. perfoliata from Cyprus. Of note, our results are in accordance with this study. It is interesting to point out that cultivated S. cypria is very poor in iridoids compared to cultivated S. perfoliata L. subsp. perfoliata, while on the other hand S. cypria consists more phenylethanoid glucosides. In the context of the presence of phenylethanoid glucosides, bearing three sugar moieties, are common group of secondary metabolites of this genus, but the trisaccharide derivatives with galactose as one of the sugars are rare.

Several studies have mentioned the antioxidant activity of isoscutellarein and hypolaetin derivatives (Gabrieli et al., 2005; Armata et al., 2008; Charami et al., 2008; Kirmizibekmez et al., 2012). It is well established that flavonoids with at least one hydroxyl-group in B ring exhibit high antioxidant activity (Charami et al., 2008; Sarian et al., 2017). However, the existence of a hydroxyl group in ring A and catechol structure or 4′-hydroxyl group in ring B improve more the antioxidant activity (Charami et al., 2008; Sarian et al., 2017). Furthermore, phenylethanoid glucosides are known for various pharmacological activities (Fu et al., 2008). Precisely, Charami et al. (2008) reported the antioxidant and anti-inflammatory activity of some isolated phenylethanoid glucosides and flavones derivatives from the species S. perfoliata subsp. perfoliata. Phenylethanoid glucosides exhibited better anti-inflammatory activity, compared to flavonoids due to their structures (caffeoyl group and to their o-dihydroxyphenyl group) (Charami et al., 2008). Moreover, a survey of four infusions of cultivated S. raeseri subsp. raeseri was carried out and underlay the great antioxidant activity due to the high phenolic content, including chlorogenic acid, phenylethanoid glucosides, and flavonoid derivatives (Pljevljakušić et al., 2011). Therefore, we could assume that the presence of flavones derivatives in combination with the abundance of phenylethanoid glucosides and chlorogenic acid in our samples could enhance the pharmacological activity, as well as it could justify the ethnopharmacological uses of S. cypria.

The present study revealed the chemical variation of the flowers and leaves essential oils (EOs) in comparison to the wild population of S. cypria previously investigated (Hanoğlu et al., 2016). The main constituents of the aerial parts of wild S. cypria EO were epi-cubebol (11.9%), trans-piperitol (8.9%), α-pinene (4.3%), and β-pinene (3.6%), while the main constituents of the flowers and leaves EOs were α-/β-pinenes in significant higher concentration, sabinene, β-phellandrene (ca. 25% in both EOs), β-caryophyllene, caryophyllene oxide, and 14-hydroxy-β-caryophyllene. In accordance with the EOs of Greek Sideritis species, where monoterpenes are the dominant components (Aligiannis et al., 2001; González-Burgos et al., 2011; Kloukina et al., 2019), the present samples are also rich in monoterpene hydrocarbons followed by sesquiterpenes. We assume that different factors (altitude, cultivation methods, and distillation methods) play an important role on the observed chemical variations.



Conclusion

The present study illustrates the phytochemical investigation of leaves and flowers of cultivated S. cypria, is a very rare and vulnerable species endemic to Cyprus with a small distribution area restricted to the Pentadaktylos Range (Tsintides et al., 2007; Bilz, 2011). The present study reveals that the cultivation of S. cypria is feasible without affecting its chemical profile. Cyprus ironwort has a chemical profile rich in bioactive secondary metabolites and can be used as culinary herb, but the plant material sold in local markets should not be collected from the field and should come from crops. S. cypria has a high phosphorus and calcium levels in both leaves and flowers. The nutritional value is mainly oriented on flowers which are richer in protein, fats, and carbohydrates than leaves. Flowers exhibited higher essential oil yield comparing to the leaves. The five major constituents identified in leaves were β-phellandrene, β-caryophyllene, α-pinene, 14 hydroxy-β-caryophyllene, and caryophyllene oxide, while in flowers the dominant compound was α-pinene, β-phellandrene, β-pinene, β-caryophyllene, and sabinene. Moreover, the infusion of the flowers was more abundant in flavones, though the infusion of the leaves was mainly consisted by phenylethanoid glucosides, based on the isolated compounds and NMR data.
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Metabolic diseases like diabetes mellitus or dyslipidemia have a complex etiology characterized by the interference of genetic predisposition and environmental factors like diet or lifestyle. Over time they can cause significant vascular complications, leading to dysfunction or failure of key organs (brain, heart), with possible fatal consequences or a severe reduction of life quality. Although current authorized drugs may successfully control blood glucose or cholesterol level, their use is often associated with severe side effects, therefore the development of new drug candidates is necessary for a better management of metabolic diseases. Among potential new drug sources, aromatic plants rich in essential oils like Melissa officinalis L., Mentha x piperita L., Cuminum cyminum L. or Pistacia lentiscus L. var. chia are very promising due to their diverse chemical composition and multiple mechanisms of action. This review describes a series of recent experimental studies investigating antidiabetic and hypolipemic effects of essential oils extracted from several aromatic plant species with an ethnopharmacological relevance in the Balkan peninsula. The pharmacological models used in the studies together with the putative mechanisms of action of the main constituents are also detailed. The presented data clearly sustain a potential administration of the studied essential oils for the prevention and treatment of metabolic diseases. Further research is needed in order to ascertain the therapeutic importance of these findings.
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Introduction

Metabolic diseases have a complex etiology dominated by genetic predisposition and environmental factors like diet or lifestyle (Barroso and McCarthy, 2019). The most important metabolic diseases with a significant impact on global health are diabetes mellitus (type 1 or insulin-dependent and type 2 or non-insulin-dependent) and dyslipidemias (hypercholesterolemia, hypertriglyceridemia, and mixed dyslipidemia). Diabetes mellitus affected at least 422 million people worldwide in 2014, and caused 1.5 million deaths in 2012, according to an official report of the World Health Organization (WHO) from 2016, which also stated that the global prevalence of the disease has nearly doubled from 1980, reaching an alarming level of 8.5% in the adult population (World Health Organization, 2016). Dyslipidemia is a major risk factor for ischemic heart disease and stroke, causing 2.6 million deaths and 29.7 million disability adjusted life years (DALYS) in 2008 (World Health Organization, 2008). In diabetes mellitus (DM), chronic hyperglycemia may result from an impaired insulin secretion and/or resistance of key peripheral tissues to the effects of insulin (Tan et al., 2019). In dyslipidemia, elevated concentrations of total cholesterol and low-density lipoproteins (LDL) can induce endothelial cell dysfunction and smooth muscle cell proliferation leading to the genesis of atherosclerotic plaque (Helkin et al., 2016). Over time, chronic hyperglycemia or hypercholesterolemia associated with the two diseases which can also coexist, can cause significant vascular complications, leading to dysfunction or failure of multiple organs (brain, heart, kidneys), with possible fatal consequences or a severe reduction of life quality (De Fronzo et al., 2015).

Despite recent advances in medical sciences and the development of multiple antidiabetic or antihyperlipidemic drug classes, the prevalence of diabetes mellitus and dyslipidemia and the associated risk of premature death have constantly increased in low- and medium-income countries (Magliano et al., 2019). The ever-growing treatment cost of metabolic diseases may have a huge economic impact in several parts of the world, limiting the access of patients to effective treatments. In this context, the discovery of new molecules of natural origin, capable of being translated into cost-effective antidiabetic and antihyperlipidemic drugs could be important for large categories of patients, having the potential advantages of being readily available and better tolerated (Yatoo et al., 2017).

In the Balkans and Eastern Mediterranean region, plants have been used in traditional medicine since Antiquity, for the treatment of various ailments of different organs and systems, including metabolic diseases. The influential works of Dioscorides or Galen highlighted the ethnopharmacological relevance of medicinal plants in the Greek and Roman civilizations, setting the foundations of modern medicine. In the last two decades, several active constituents of medicinal plants like flavonoids, saponins, alkaloids or coumarins have been extensively researched for the treatment of metabolic diseases, but essential oils were rarely studied for this purpose (Gushiken et al., 2016).

Essential oils are complex mixtures of aromatic terpenes (mainly monoterpenes and sesquiterpenes) formed as secondary metabolites in specialized secretory tissues of aromatic plants (Sharifi-Rad et al., 2017). Nowadays, essential oils as main constituents of aromatic plants, are widely used for their flavoring properties in food industry or as fragrances in cosmetology, but there is also a growing interest for the evaluation of their complex pharmacological effects. Multiple studies proved antioxidant, antimicrobial, anti-inflammatory, or antinociceptive effects of essential oils (Bakkali et al., 2008), but there are limited data concerning possible effects on glucose and lipid metabolism. Therefore, the aim of this review was to evaluate the antidiabetic and antihyperlipidemic effect of essential oils, presenting the experimental pharmacological models used for their study, with the subsequent mechanistic explanations.



Essential Oil-Bearing Plants From the Balkans


Ethnobotanical Data and Chemical Composition

Balkan peninsula is a vast territory extending from Central Europe in the north to the Eastern Mediterranean region in the south and from Black Sea in the east to the Adriatic Sea in the west. It includes the modern states of Albania, Bosnia-Herzegovina, Bulgaria, Croatia, Greece, Montenegro, North Macedonia, Romania (Dobrogea region), Serbia, Slovenia, and Turkey (European region). The complexity of Balkan geography favored a significant biodiversity in the plant kingdom (Griffiths et al., 2004), with a number of around 8,000 plant species and subspecies being catalogued, of which 2,600 to 2,700 are considered endemic (Stevanović et al., 2007). Not surprisingly, traditional medicine using plants for the treatment of various ailments, plays an important role in many Balkan countries, especially in remote, rural areas where access to healthcare system is difficult (Dzamic and Matejic, 2017). An ethnobotanical study from Bosnia-Herzegovina identified 228 plant species used in traditional medicine for the treatment of respiratory, gastrointestinal but also metabolic disorders, among which aromatic plants like Foeniculum vulgare Mill., or Rosmarinus officinalis L. are used in herbal infusions in rural areas from the central part of the country (Saric-Kundalic et al., 2010). In Greece, a field study found 109 plant species known for medicinal purposes, some of them being used for essential oil extraction, sometimes by traditional methods from aromatic plants cultivated in small areas like Lavandula stoechas L., used for skin infections and burns (Axiotis et al., 2018). Another study mentioned an endemic essential oil-bearing plant species, Pistacia lentiscus L. var. chia, uniquely present on Chios Island in the Eastern Aegean region of Greece, used in traditional medicine over the last 2,500 years in the treatment of gastrointestinal disorders which recently proved significant antihyperlipidemic and cardioprotective effects (Pachi et al., 2020). A study from Serbia identified 83 plant species including two aromatic plants present in the wild flora of the Kopaonik Mountain region (Melissa officinalis L. and Thymus vulgaris L.) which were used in the treatment of gastrointestinal, respiratory, or cardiac disorders but also in metabolic diseases (Jaric et al., 2007). In Turkey, a survey study found that of 64 plant species used in traditional medicine, 9 species were used for essential oil production which are usually sold in local markets as remedies for urinary, respiratory or cardiovascular diseases but also for diabetes like the essential oil from Myrtus communis L., endemic in the Mediterranean area (Gurdal and Kultur, 2013).

Our review of published data identified sixteen aromatic plant species, cultivated or wild in the Balkan region, belonging to nine families which presented antidiabetic and antihyperlipidemic properties demonstrated by experimental models. The plants were organized alphabetically by family and botanical name, the main chemical constituents being also presented (Table 1).


Table 1 | Chemical composition of essential oils (EO) from Balkan region with antidiabetic and antihyperlipidemic activity.



The concentration of main components from essential oils may be variable according to environmental conditions, plant chemotype or methods of harvesting. Also, other minor constituents from EOs could contribute to their biological effects. The most representative active compounds individually tested in several pharmacological models, are presented in Figure 1.




Figure 1 | Chemical structures of main compounds with antidiabetic and antihyperlipidemic activity.





Preclinical Studies Investigating Antidiabetic Effect of Essential Oils

This review showed that essential oils from fifteen aromatic plant species belonging to eight families presented antidiabetic properties demonstrated by specific in vivo or in vitro preclinical experimental models. The aromatic plant families with the highest proportion of species with antidiabetic essential oils (EO) were Lamiaceae (six species), Apiaceae (two species) and Rutaceae (two species). Other identified families were Asteraceae, Fabaceae, Lauraceae, Myrtaceae, and Ranunculaceae, each with only one plant species with antidiabetic essential oils (Table 2).


Table 2 | Plant species containing essential oils (EO) with antidiabetic activity demonstrated in preclinical studies (in vivo and in vitro).



Previous reviews investigated the antidiabetic effects of natural compounds and medicinal plants. An extended study screened in silico a library of over 2,300 compounds derived from 30 common herb species, showing that liquorice, hops, fennel, and rosemary are a reach source of antidiabetic compounds like flavonoids and alkaloids (Perreira et al., 2019). Another study identified 111 medicinal plants who were reported to have a beneficial effect in diabetes mellitus, finding flavonoids, glycosides, and oligosaccharides as main active compounds (Eddouks et al., 2014). Our data confirmed some of the findings from these studies, demonstrating that α-amylase, α-glucosidase or glucose-6-phosphatase are effective molecular targets not only for the mentioned phytochemical classes but also for essential oils, equally capable of reducing blood glucose in a variety of experimental models.

The analysis of the aforementioned studies showed that the majority of experimental models used for the assessment of antidiabetic effect of essential oils were in vivo techniques (10 studies from 16). Among these, alloxan and streptozotocin-induced diabetes methods were preferred, being capable of reproducing the destruction of pancreatic beta-cells from diabetes with subsequent hyperglycemia and glucose intolerance. Alloxan enters the pancreatic beta cells where it suppresses ATP-mediated insulin release while streptozotocin alkylates the DNA of beta cells inducing their necrosis (Hamden et al., 2011). In both models, the administration of several essential oils reduced hyperglycemia and protected pancreatic beta cells against chemical aggression. Other methods employed genetically modified laboratory animals like db/db mice which can also reproduce some of the pathological features of diabetes mellitus. These mice have a mutation in their leptin receptor, with the subsequent development of insulin resistance and obesity which was partially corrected by the administration of lemon balm essential oil (Chung et al., 2010). Five experimental models used in vitro techniques for evaluating the effect of essential oils on important enzymes from glucose metabolism like α-amylase or α-glucosidase which are involved in the release of glucydic fractions in the digestive system (Özek, 2018). In these models, the administration of essential oils inhibited the two enzymes with IC50 ranging from 0.5 to 8.16 µg/ml. Although the experimental models used for the study of antidiabetic essential oils are quite diverse, having generated important data, further studies using additional techniques are necessary, for a more accurate evaluation.



Preclinical Studies Investigating Antihyperlipidemic Effect of Essential Oils

This review showed that seven essential oils-bearing aromatic plant species belonging to five families presented antihyperlipidemic effects confirmed by specific in vivo or in vitro preclinical experimental models (Table 3).


Table 3 | Plant species containing essential oils (EO) with antihyperlipidemic activity demonstrated in preclinical studies (in vivo and in vitro).



Six of the presented essential oils-bearing plants (fennel, cumin, lemon balm, rosemary, black cumin, and lemon) have also proved a priorly discussed antidiabetic activity, the co-existence of antidiabetic and antihyperlipidemic properties being a possible advantage in the development of new drug candidates. The presented data showed that predominantly, antihyperlipidemic effect of essential oil was evaluated using in vivo experiments in which dyslipidemia was induced either by a cholesterol-enriched diet or by the administration of Triton WR1339, an inhibitor of lipoprotein lipase which favors the accumulation of VLDL lipoproteins (Vallianou et al., 2011). In both models, the administration of the mentioned essential oils decreased the concentration of total cholesterol, LDL, and triglycerides. A study evaluated also the aortic intima thickness an important parameter in cardiovascular diseases, noting favorable effects after the administration of lemon essential oil for 8 weeks (Lee et al., 2018). Another experimental model used APOE2 transgenic mice, which develop hyperlipoproteinemia with elevated cholesterol and triglycerides. The administration of lemon balm essential oil produced in these animals a decrease of plasma triglycerides by inhibiting fatty acids synthesis following a down-regulation of Sterol Regulatory Element-Binding Protein-1c (SREBP-1c) (Jun et al., 2012). Also, two experimental models were performed in vitro using HepG2 cells, in which treatment with lemon balm and mastic tree essential oils reduced intracellular cholesterol biosynthesis. Due to the complexity of cholesterol metabolism, further studies are necessary to understand the molecular basis of antihyperlipidemic effect of essential oils.



Clinical Studies With Essential Oils Used in Metabolic Diseases

The antidiabetic and antihyperlipidemic effects of selected essential oils were investigated in several clinical studies, summarized in Table 4. All selected studies used patients with diabetes, dyslipidemia, or metabolic syndrome, the essential oils being administered by oral route with a treatment duration ranging from 40 to 90 days.


Table 4 | Clinical studies with antidiabetic and antihyperlipidemic essential oils.



The analysis of data resulted from the selected clinical studies showed that cumin (Cuminum cyminum L.) essential oil was predominantly used for the treatment of diabetes and dyslipidemia, only one study using another essential oil, extracted from the black cumin (Nigella sativa L.). According to the majority of these studies, the administered essential oils managed to reduce fasting blood glucose and glycosylated hemoglobin in diabetic patients, decreasing also total cholesterol and LDL concentration in dyslipidemia. Nevertheless, the presented clinical studies with antidiabetic and antihyperlipidemic essential oils have several limitations. They were represented mainly by randomized control studies (RCTs) using small numbers of patients with an insufficient statistical significance. Only one study was a meta-analysis with superior statistical power, although itself used a limited number of randomized controlled trials (Hadi et al., 2018). Therefore, additional clinical studies on larger populations are needed to ascertain the therapeutic value of essential oils with antidiabetic or antihyperlipidemic potential.



Toxicological Evaluation of Essential Oils With Antidiabetic and Antihyperlipidemic Potential and Their Main Chemical Constituents

Essential oils are characterized by a high content in monoterpenes, compounds with low molecular weight and high lipophilicity which enable them to easily pass through biological barriers and potentially affect multiple organs. Despite their promising impact for health sciences, only a few studies investigated the toxicological aspects of essential oils with antidiabetic and antihyperlipidemic potential and their main chemical constituents. A study on female Wistar rats evaluated the repeated oral toxicity of essential oil from Cuminum cyminum L. and found no evidence of clinical signs of toxicity or pathological modifications at organ level, defining a non-observed adverse effect level (NOAEL) of 500 mg/kg/day (Taghizadeh et al., 2017). Another study evaluating the sub-chronic toxicity of DL-menthol in male B6C3F1 mice, also found no clinical signs or histopathological evidence of toxicity and established a NOAEL of 1956 mg/kg/day. In male Fischer 344 rats, the same study did not demonstrate significant signs of toxicity for DL-menthol, calculating a NOAEL of 937 mg/kg/day (OECD SIDS programs, 2003). The toxicity of eugenol was evaluated by an in vitro method using isolated rat hepatocytes, which demonstrated that an exposure to high doses of this compound present in several essential oils can cause significant hepatotoxicity, attenuated by acetylcysteine, showing some similarity with paracetamol intoxication (Nejad et al., 2017). For geraniol, a CYP-mediated metabolic pathway could generate geranial and 6,7-epoxygeraniol which proved significant sensitizing properties in the murine local lymph node assay (Hagvall et al., 2008).

In humans, several chemical constituents from essential oils like 1,8-cineole, and thujone have been shown to induce epileptiform convulsions, in children with a history of epileptic syndromes, according to a report (Burkhard et al., 1999). Additionally, the meta-analysis which investigated antidiabetic and antihyperlipidemic effects of cumin (Cuminum cyminum L.) essential oil in clinical trials, identified rare adverse effects like respiratory complications and dermatitis (Hadi et al., 2018). Due to insufficient and sometimes contradictory data, further research is needed to rigorously evaluate the safety profile of essential oils with antidiabetic and antihyperlipidemic potential and their main chemical constituents.




Mechanisms of Action of Antidiabetic and Antihyperlipidemic Essential Oils With a Focus on Active Compounds


Current Pharmacological Approach in Diabetes and Dyslipidemia

The main objective of antidiabetic medication is the reduction of hyperglycemia and the risk of vascular complications, which can be achieved by multiple pharmacological mechanisms, due to the complexity of glucose metabolism (Tan et al., 2019). Various types of insulins, with different pharmacokinetic properties are administered subcutaneously in type 1 diabetes, acting as agonists on specific receptors expressed by a variety of cells including hepatocytes, adipocytes, or muscular cells. Subsequently, key glucose transporters (GLUT) are activated at cellular level, inducing a significant reduction of blood glucose. For type 2 diabetes, multiple classes of antidiabetic drugs are currently on the market. Sulfonylureas and meglitinides act as insulin secretagogues, amplifying the exocytosis of insulin granules from pancreatic beta-cells. Other classes like biguanides increase the uptake and metabolism of glucose in peripheral tissues while inhibitors of alpha-glucosidase limit the amount of absorbed glucose in the digestive tract. Another approach was to target peroxisome proliferator-activated receptors gamma (PPAR-γ) with thiazolidinedione drugs, in order to obtain an increased expression of glucose transporters in key peripheral cells. The more recently developed incretin mimetic drugs can either act as agonists on incretin receptors or inhibit incretin metabolism by blocking dipeptidyl-peptidase IV enzyme, both with complex beneficial effects on glucose metabolism. Finally, the inhibitors of sodium-glucose cotransporter 2 (SGLT-2) act by augmenting the urinary excretion of glucose (De Fronzo et al., 2015; Tan et al., 2019).

In dyslipidemia, the main objective of the medication is to minimize the risk of major vascular events like stroke or heart attack by reducing the level of LDL, the most atherogenic lipoprotein fraction. The backbone of antihyperlipidemic drugs is represented by statins which inhibit 3-hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) reductase, reducing the formation of mevalonate, a precursor of cholesterol. Additionally, statins may increase the number of LDL receptors on hepatocytes which also contributes to their cholesterol lowering effect (Chang and Robidoux, 2017). Fibrates are used especially in hypertriglyceridemia and mixed dyslipidemia, acting as agonists on peroxisome proliferator-activated receptor-alpha (PPAR-alpha) which leads to the activation of lipoprotein lipase with the subsequent degradation of VLDL fraction rich in triglycerides. Bile acid sequestrants like cholestyramine act by removing bile acids from enterohepatic circuit with the slow development of a cholesterol lowering effect. Ezetimibe, a more recent drug, can reduce intestinal absorption of cholesterol by blocking its main transporter, the Nieman-Pick C1-Like1 (NPC1L1) protein, being frequently used in association with statins (Tiwari and Khokhar, 2014). A novel class is represented by monoclonal antibodies against proprotein convertase subtilisin/kexin type 9 (PCSK9), a protein involved in lysosomal degradation of LDL receptors in the hepatocytes. They are reserved for selected cases of familial heterozygous or homozygous hypercholesterolemia in patients insufficiently controlled with the maximal tolerable doses of statins (Toth et al., 2017).

Unfortunately, the beneficial effects of many existing antidiabetic or antihyperlipidemic drugs are accompanied by numerous adverse effects, sometimes severe, which can limit patient’s compliance and treatment efficacy. Hence, there is a growing need for new drug candidates with improved characteristics, among which naturally occurring molecules like essential oils could play an important part. Essential oils have a complex chemical composition which allows them to target multiple physiological structures and processes involved in glucose metabolism, several mechanisms of action being described. Although some aspects of the antidiabetic effect of essential oils and their constituents have been explained, further research is needed for a better understanding of their cellular and molecular actions.



Antidiabetic Mechanisms of Essential Oils


Inhibition of Glucose Absorption From the Digestive Tract

Glucose is the main energy source in the human body, being obtained generally by degrading more complex molecules like starch, sucrose, or lactose. After the initial action of salivary and pancreatic α-amylase, the digestion is continued in the small intestine epithelium by α-glucosidase (along with maltase and lactase) with the release of absorbable glucose, fructose, or galactose. Therefore, inhibition of α-glucosidase and α-amylase can reduce the amount of absorbable glucydic fractions from the digestive tract, being capable of preventing postprandial hyperglycemic peaks. The mechanism is clinically validated for acarbose and miglitol, two α-glucosidase inhibitors which are used in the treatment of type 2 diabetic patients. A significant inhibitory effect on α-glucosidase was demonstrated in vitro for cuminaldehyde a main component in cumin essential oil. Cuminaldehide showed an IC50 value of 0.5 µg/ml, being only slightly inferior to acarbose, proving also a strong inhibitory effect on aldose reductase (IC50 of 0.085 µg/ml) which may suggest additional protective effects against toxic actions of sorbitol in diabetic neuropathy (Lee, 2005). Also, the inhibition of α-glucosidase was demonstrated by another in vitro study investigating the essential oil from Laurus nobilis L., which showed a 90% inhibition of the enzyme (IC50 of 1.748 µg/ml), the main chemical constituent responsible for the effect being 1,8-cineole (Sahin Basak and Candan, 2013). The research of Özek (2018) identified a significant inhibition of α-amylase for the essential oil from Tanacetum praeteritum subsp. praeteritum (Horw.) Heywood, in the I2/KI method with IC50 of 1.02 µg/ml, suggesting that thujone is the main component responsible for the effect.



Increase of Glycogen Synthesis in the Liver and Decrease of Gluconeogenesis

Glucose homeostasis is a multi-faceted process in which the liver has an important role, being capable of storing or releasing glucose. In diabetic patients, a decreased glycogen synthesis coupled with increased gluconeogenesis and glycogenolysis are detected, which lead to elevated blood glucose. Therefore, stimulation of glucokinase and more importantly glycogen synthase is capable of reducing hyperglycemia by stimulating the conversion of glucose into glycogen. The in vivo study of Ibrahim et al. (2019) proved that essential oil from Citrus x aurantiifolia (Christm.) Swingle presented a hypoglycemic effect in an alloxan-induced diabetes model. In this study, intraperitoneal administration of 100 mg/kg EO to diabetic rats for 14 days, significantly reduced fasting blood glucose levels, decreased hepatic glucose production, and increased hepatic glycogen, suggesting that reduction of gluconeogenesis and augmentation of glycogenesis are the main mechanism of action of the essential oil. On the other hand, a new in vivo study showed that oral administration of geraniol a natural monoterpene found in several essential oils, in doses between 100 and 400 mg/kg, to STZ-induced diabetic rats for 45 days, reduced plasma glucose, and glycosylated hemoglobin (HbA1C). The analysis of liver tissue from the treated rats proved that geraniol was capable of inhibiting hepatic glucose-6-phosphatase activity, thus reducing gluconeogenesis (Babukumar et al., 2017). Also, other three studies found that citronellol, d-limonene, and caryophyllene inhibited both glucose-6-phosphatase and fructose-1-6-phosphatase, reducing gluconeogenesis in STZ-induced diabetic rats, with a significant reduction of plasma glucose and HbA1C (Murali and Saravanan, 2012; Srinivasan and Muruganathan, 2016; Basha and Sankaranarayanan, 2014).



Increase of Insulin Sensitivity

Insulin intracellular signaling is a complex process finalized with the translocation of GLUT2 and GLUT4 glucose transporters from the cytoplasm of target cells to their membrane. Phosphatidylinositol 3-kinase (PI3K) and adenosine monophosphate-activated protein kinase (AMPK) contribute to this process. An in vivo study using genetically modified diabetic mice (db/db) demonstrated that oral administration of essential oil from Melissa officinalis L. in a dose of 0.015 mg/day for 6 weeks, significantly reduced blood glucose and improved glucose tolerance. The RT-PCR and Western blotting methods performed in this study proved that the essential oil was able to increase the expression of glucose transporter (GLUT4) genes probably by the activation of PI3K cascade, leading to an increased glucose uptake in key cells of treated animals (Chung et al., 2010). Also, an in vitro study on cultivated astrocytes originating from C57BL/6 mice pups, proved that eugenol, a main constituent in several essential oils, was capable of enhancing intracellular insulin signaling mechanism by increasing AKT phosphorylation, without changing PTP-1B expression (Sartorius et al., 2014).



Increase of Insulin Secretion

An increase of insulin secretion could be achieved by depolarizing beta cell membrane by modulating potassium channels or by protecting beta cells against aggression and apoptosis. An in vivo study proved that menthol, present in the chemical composition of several essential oils, administered orally to STZ-induced diabetic rats in doses of 25 to 100 mg/kg for 45 days, reduced blood glucose and glycosylated hemoglobin (HbA1C). The substance showed a mechanism of action similar with sulphonylurea drugs, being able to inhibit ATP-sensitive K channels on beta cells membrane, increasing the exocytosis of insulin. Additionally, menthol increased the survivability of beta cells by stimulating the expression of Bcl-2, an antiapoptotic factor (Muruganathan et al., 2017). The results were confirmed by Abdellatief et al. (2017) who demonstrated that essential oil from Mentha x piperita L. also increased the expression of Bcl-2 and hence protected pancreatic beta cells against apoptosis in a STZ-induced diabetes model in rats.




Antihyperlipidemic Mechanisms of Essential Oils


Activation of Lipoprotein Lipase

Lipoprotein lipase (LPL) is capable of hydrolyzing triacylglycerols from VLDL fraction, with the apparition of monoacylglycerol used by specific tissues. The activation of the enzyme is produced by fibrates, a well-established class of drugs used in the treatment of hypertriglyceridemia. An in vivo study using Triton WR1339-induced dyslipidemia model in rats, proved that essential oil from the plant Pistacia lentiscus L. var. chia, endemic in the island of Chios in Greece, was capable of activating lipoprotein lipase in rats with a subsequent 34.5% reduction of triglycerides (Vallianou et al., 2011). The study showed also that camphene was the active substance responsible for this effect, no significant changes in plasma lipids of treated animals being observed for other terpenoids present in the essential oil, which were individually tested. Additionally, camphene reduced also total cholesterol and LDL, suggesting that this monoterpene could be a possible drug candidate in the development of new antihyperlipidemic molecules. Another in vivo study using high fed diet (HFD) mice found that administration of thymol (10–40 mg/kg for 5 weeks), an important active compound from thyme essential oil, caused a reduction of triglycerides and total cholesterol in treated animals, producing also an increase in HDL concentration. The study suggested that the augmentation of lipoprotein lipase (LPL) activity and a reduction in leptin concentration could be main mechanisms responsible for the antihyperlipidemic effect (Saravanan and Pari, 2015).



Modulation of TRPV1 Receptor

The transient receptor potential vanilloid 1 (TRPV1) was considered to have important roles on sensory neurons, however other research demonstrated its presence on hepatocytes with possible roles in reducing blood cholesterol level. A recently published study investigated the effects of eugenol, an active compound present in several essential oils, including lemon balm EO, on lipid profile in rats fed with cholesterol-enriched diet. The obtained data showed that eugenol administered orally to the rats, in doses of 10 to 100 mg/kg, reduced total cholesterol, LDL, and atherogenic index in treated animals. Immunohistochemical methods proved that menthol down-regulated TRPV1 receptor in the liver of treated animals, mechanism supported by collateral molecular docking studies. Additionally, a histopathological examination performed in the same study found that eugenol protected the liver, reducing hepatic steatosis and the level of alanine aminotransferase (ALT) and alkaline phosphatase (ALP) activity (Harb et al., 2019).



Reduction of Fatty Acid Synthesis by Modulation of SREBP-1c

Excessive production of VLDL in which fatty acid synthesis plays an important role is involved in dyslipidemia and metabolic syndrome. A key enzyme in the process is fatty acid synthase (FAS) which is regulated by complex nuclear mechanisms. An in vivo study investigating the effects of essential oil from Melissa officinalis L. in APOE2 transgenic mice proved a decrease of plasma triglycerides by inhibiting fatty acids synthesis. The obtained data showed that the treatment with essential oil inhibited the nuclear translocation of Sterol Regulatory Element-Binding Protein-1c (SREBP-1c) which in turn led to the suppression of key genes involved in lipid metabolism, primarily fatty acid synthase (FAS). The study did not investigate which of the essential oil active constituents could be responsible for this effect (Jun et al., 2012).





Conclusion

This review identified sixteen essential oil-bearing plant species from Balkan region with antidiabetic and antihyperlipidemic effects demonstrated in preclinical and clinical studies. The main mechanisms of antidiabetic effect of individual chemical components identified in the selected species were represented by an inhibition of α-amylase and α-glucosidase by cuminaldehyde, 1,8-cineole, and thujone, a decrease of gluconeogenesis by geraniol and an increase of insulin sensitivity by eugenol or insulin secretion by menthol. Activation of lipoprotein lipase by camphene and thymol and modulation of TRPV1 receptor by eugenol were considered responsible for the antihyperlipidemic effect. The active terpenoid components identified in the chemical composition of the studied essential oils could become promising new drug candidates, but future studies are needed in order to evaluate their potential.
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The pathophysiology of inflammation and oxidative stress generated during different types of cancers and anticancer treatments is well documented. Traditionally, grape pomace is used for animal feed, organic fertilizers, ethanol production or is disposed as waste. Because grape pomace is a rich source of antioxidant compounds, the purpose of the study was to evaluate the antioxidant, anti-inflammatory, and antiproliferative effects of fresh and fermented grape pomace extracts of two Vitis vinifera L. varieties Fetească neagră and Pinot noir cultivated in Romania. Firstly, grape pomace phytochemical analysis and in vitro antioxidant tests were performed. Secondly, the effect of a seven-day pretreatment with grape pomace extracts on the turpentine oil-induced inflammation in rats was assessed by measuring total oxidative status, total antioxidant response, oxidative stress index, malondialdehyde, total thiols, nitric oxide and 3-nitrotyrosine. Thirdly, the antiproliferative properties were evaluated on human lung carcinoma (A549), human breast adenocarcinoma (MDA-MB-231), murine melanoma (B164A5), and keratinocyte (HaCat) cell lines. Fetească neagră and Pinot noir grape pomace extracts have a rich content of polyphenols and in vitro antioxidant effect. Fermented samples had higher polyphenol content, but fresh samples had better antioxidant activity. Pretreatment with grape pomace extracts reduced inflammation-induced oxidative stress in a concentration-dependent way, fresh samples being more efficient. The malignant cells’ proliferation was inhibited by all grape pomace extracts, fermented Fetească neagră extracts having the strongest effect. Conclusion: fresh and fermented pomace extracts of Vitis vinifera L. varieties Fetească neagră and Pinot noir cultivated in a Romanian wine region have antioxidant, anti-inflammatory and antiproliferative effects.




Keywords: grape pomace, Fetească neagră, Pinot noir, antioxidant, anti-inflammatory, antiproliferative



Introduction

During tumor development tissue hypoxia occurs, which activates signaling pathways stimulating cell proliferation, angiogenesis, and death. Hypoxia in the tumor microenvironment causes tumor cells to secrete chemokines, such as interleukin-1 (IL-1), tumor necrosis factor alpha (TNF-alpha), or interleukin 8 (IL-8), which activates neutrophils to produce more pro-oncogenetic and immunosuppressive factors (Ardi et al., 2007). Lymphocytes are an important part of the immune response to tumors because they inhibit tumorigenesis and kill cancer cells. However, in a proinflammatory tumor state, neutrophils can suppress the efficient lymphocyte-mediated immune response. Moreover, there are tumor-derived factors that induce myelopoiesis, accumulation, and differentiation of tumor-associated macrophages (TAMs). These TAMs produce ROS and RNS in the tumor microenvironment, triggering a tumor-induced inflammation, and creating a vicious cycle between inflammation and cancer (Ardi et al., 2007; Reuter et al., 2010; Andrisic et al., 2018; de Souza et al., 2018). As for platelets, thrombocytosis is common in cancer because tumor cells secrete thrombopoietic cytokines, such as interleukin-6 (IL-6). In turn, platelets can promote angiogenesis through vascular endothelial growth factor (VEGF) secretion and thus protect tumor cells from the immune response. Cancer cells’ adaption to hypoxia is part of the malignant phenotype and aggressive tumor progression mechanism (Bambace and Holmes, 2011; Petrillo et al., 2018).

Another issue related to the tumor-induced inflammation is that it modulates cancer responsiveness or resistance to anticancer therapies. In some cancers, elevated basal nuclear transcription factor NF-κB activity and inflammatory mediator production were associated with tumor resistance to chemotherapy and radiation. Chemotherapy with cisplatin, daunomycin, doxorubicin, 5-fluorouracil, paclitaxel, tamoxifen, vinblastine, and vincristine may cause chemoresistance by activating the NF-κB, and NF-κB inhibition acts as radiosensitizer of the tumor cells (Silva et al., 2018). Because oxygen is the best radiosensitizer, tumor-induced hypoxia is considered to be the most important cause of radioresistance (Reuter et al., 2010; Kim et al., 2018).

In order to interrupt the vicious circle between inflammation, nitro-oxidative stress, and cancer, the endogenous enzymatic and nonenzymatic antioxidant molecules may be supplemented with exogenous antioxidant molecules, such as plant-derived polyphenolic compounds. In high concentrations, high pH, and the presence of redox-active metals, polyphenolic compounds can exert a pro-oxidant effect with cytotoxic consequences (Pizzino et al., 2017).

Grape pomace (GP) is a residue of the winemaking process and represents an important ecological and economic problem of waste management, since around 20% of the grapes weight remains as GP (Beres et al., 2017). Due to the incomplete extraction during the winemaking process, around 70% of polyphenolic compounds remain in fermented GP. Traditionally it is mainly used for animal feed, organic fertilizers, ethanol production or is disposed as waste. Over the last decades many products were obtained from grape pomace, and the most common approach was to prepare GP extracts (García-Lomillo and González-SanJosé, 2017). In some countries GP is included in functional foods and cosmetic preparations. Due to its polyphenol content with strong antioxidant effect, GP seemed to be efficient for the prevention of disease-associated oxidative stress. Other GP effects are the antimicrobial and anti-inflammatory activities (Teixeira et al., 2014).

The aims of the study were to evaluate the antioxidant, anti-inflammatory, and antiproliferative effects of the fresh and fermented GP ethanol extracts from two Vitis vinifera L. varieties, Fetească neagră and Pinot noir, cultivated in Romania.



Materials and Methods


Reagents and Cell Cultures

Sulfanylamide (SULF), N-(1-Naphthyl) ethylenediamine dihydrochloric acid (NEDD), vanadium chloride (III) (VCl3), methanol, diethyl ether, xylenol orange [o-cresosulfonphthalein-3,3-bis (sodium methyliminodiacetate)], orthodianisidine dihydrochloric acid (3-3′-dimethoxybenzidine), ferrous ammonium sulfate, hydrogen peroxide (H2O2), sulfuric acid, hydrochloric acid, glycerol, trichloroacetic acid (TCA), ethylenediaminetetra-acetic acid, sodium dodecal, sulfate butylated hydroxytoluene, thiobarbituric acid, 1,1,3,3-tetraethoxypropane, 2,4-dinitrophenylhydrazine (DNPH), 5,5′-dithionitrobis 2-nitrobenzoic acid (DTNB), 1,1-diphenyl-2-picrylhydrazyl (DPPH), o-phthalaldehyde (Darmstadt, Germany) were purchased from Merck and Sigma-Aldrich (Taufkirchen, Germany), 96% ethanol (SA, Iași, Romania), ascorbic acid (Lach-Ner, Czech Republic). All chemicals were of analysis grade.

A549—human lung carcinoma, MDA-MB-231—human breast adenocarcinoma, B164A5—murine melanoma cell lines, and HaCat keratinocyte cell lines were purchased from the European Cell Culture Collection (ECACC). Dulbecco’s Modified Eagle Environment (DMEM), fetal calf serum (FCS) and resazurine sodium salt were purchased from Sigma Aldrich (Munich, Germany). The phosphate buffer solution (PBS) and the mixture of penicillin/streptomycin and trypsin-EDTA antibiotics were purchased from Gibco (Karlsruhe, Germany).

The ELISA kit for 3-nitrotyrosine (3NT) (KA0445) was purchased from ABNOVA EMBLEM (Heidelberg, Germany).



Grape Samples

The Vitis vinifera L. variety Fetească neagră (clone 762 grafted on rootstock SO4, Austria), and Vitis vinifera L. variety Pinot noir (clone 828 grafted on rootstock SO4, France) planted in 2006, in Mureș County, Mica parish, part of Târnavelor Plateau (46°21′44.5″N and 24°23′55.7″E; 330–350 m above sea level), Romania, were used in our study. Grapes were harvested manually at full maturity level during the 2018 vintage. The GP samples were collected in two winemaking stages: the fresh unfermented GP was supplied immediately after pressing the grapes, and the fermented GP was supplied after 20 days of fermentation at 20°C and must separation. The samples were stored in vacuum bags at −22°C prior to the analysis and use in the experiments.



Plant Extract Preparation

Fetească neagră and Pinot noir fresh and fermented GP extracts were obtained with 70% ethanol (Merck, București, Romania) by a modified Squibb repercolation method (1/1 g/ml) (Andreicut et al., 2018).



Determination of Total Polyphenols Content

The total polyphenol content (TPC) of the extracts was measured using the Folin–Ciocâlteu method, with some modifications. The absorbance was measured at 760 nm using a JASCO UV-VIS spectrophotometer. Standard curve was prepared using different concentrations of gallic acid (GAE). TPC was expressed as mg GAE/g dry plant material (Toiu et al., 2018).



LC/MS Analysis of Polyphenolic Compounds

A HPLC-MS method was used for the qualitative and quantitative polyphenol determination. The analysis was carried out with an Agilent 1100 Series HPLC system (Agilent, USA) consisting of a G1322A degasser, G1311A binary gradient pump and a G1313A autosampler, and a UV detector. The chromatographic separation was performed using a reversed-phase analytical column (Zorbax SB-C18 100 mm × 3.0 mm i.d., 3.5 µm particle) maintained at 48°C. The mobile phase consisted of a binary gradient: methanol and acetic acid 0.1% (v/v). The mobile phase was delivered with a flow rate of 1 ml/min and the injection volume was 5 µl. Polyphenol detection was performed on UV (330 and 370 nm) and MS mode. The MS system operated using an ion trap mass spectrometer with electrospray negative ionization. The chromatographic data were processed using Chem station and Data Analysis software from Agilent, USA. The calibration curves in the 0.5–5 µg/ml range showed good linearity (R2 < 0.999) for a five point plot (Toiu et al., 2018; Farcaș et al., 2019).

For the LC/MS profile polyphenolic compounds standards were: caftaric acid, hyperoside, isoquercitrin, rutoside, miricetol, quercitrin, quercetol, and kaempferol.



In Vitro Antioxidant Activity Analysis

The antioxidant activity (AOA) of the extracts was evaluated by DPPH radical scavenging assay (Blois, 1958). DPPH is considered a stable radical because of the paramagnetism conferred by its odd electron. DPPH solution in ethanol 96% with a concentration of 1 mM was used as a standard antioxidant stock solution. In each reaction, 0.5 ml of the GP extracts was mixed with 0.5 ml of 1 mM DPPH and with 2 ml of 0.167 mM ascorbic acid in ethanol 96%. The mixture was analyzed using a UVI Line 9400 spectrophotometer (SI Analytics), for 20 min at 10 s intervals. Ascorbic acid was used as positive control. The reduction of DPPH free radicals was measured by reading the absorbance at 516 nm. DPPH is a purple colored stable free radical and when reduced, it becomes yellow. The AOA-percentage was calculated with the following formula:

	

where: AOA = antioxidant activity (%); A control = absorbance of DPPH measured at 516 nm, for 20 min at an interval of 10 s (without sample); A sample = absorbance of the sample measured at 516 nm, for 20 min at an interval of 10 s.



Animals and Experimental Protocol

The experiments were performed in triplicate on 14 groups (n = 5) of male albino Wistar rats, weighing 200–250 g that were bred in the Animal Facility of the Iuliu Hațieganu University of Medicine and Pharmacy, Cluj-Napoca, Romania. The animals were housed in standard polypropylene cages (five per cage) under controlled conditions (12 h light/dark cycle at an average temperature of 21–22°C) and with ad libitum access to standard pellet diet (Cantacuzino Institute, Bucharest, Romania) and water. Experimental protocols have been approved by the Ethics Committee (nr. 26/16.12.2015) of the Faculty of Veterinary Medicine, University of Agricultural Sciences and Veterinary Medicine, Cluj-Napoca, Romania. Four ethanolic extracts of GP were tested: FNfr—Fetească neagră fresh GP extract; FNfe—Fetească neagră fermented GP extract; PNfr—Pinot noir fresh GP extract; PNfe—Pinot noir fermented GP extract. The extracts were administered orally by gavage (1 ml/animal/day) in three dilutions, respectively 100, 50, and 25%, for seven days. Animals from the negative control group (CONTROL) and the inflammation group (INFLAM) received tap water (1 ml/animal/day) by gavage for seven days (He and Mu, 2015). On day eight, except for the CONTROL group, inflammation was induced by injecting turpentine oil (6 ml/kg b.w.) intramuscularly (Toyohara et al., 2013). On day nine, under general anesthesia induced by pentobarbital (50 mg/kg IP) (Zatroch et al., 2017), blood was withdrawn by retro-orbital puncture, serum was separated and stored at −80°C until use, and animals were euthanized by cervical dislocation.



In Vivo Oxidative Stress Assessment

Oxidative stress was assessed using global and specific tests. The global oxidative stress tests were total oxidative status (TOS), total antioxidant reactivity (TAR), and the oxidative stress index (OSI). Specific oxidative stress tests were malondialdehyde (MDA), total thiols (SH), total serum nitrates and nitrates (NOx), and 3-nitrotyrosine (3NT) (Balea et al., 2018b; Farcas et al., 2019).



Alamar Blue Cell Proliferation Assay

The four cell lines were seeded on 96-well microplates (1 × 104 cells/well). After 24 h incubation (37°C, 5%CO2 and 95% humidity), 200 µl of medium containing DMEM supplemented with 10% FCS, 1% mixture of penicillin/streptomycin (100 U/ml penicillin and 100 pg/ml streptomycin) and ethanolic extracts of GP (1,000 µg/L) were added to each well and incubated for 48 h (Lo et al., 2011). After 48 h incubation, 20 µl of Alamar blue (AB) was added to each well, and cells were incubated for 4 h at 37°C. AB staining was used to determine the cell viability of both cancer cells (A549, MDA-MB-231, B164A5) and healthy HaCat cells after they were stimulated with GP extracts. The plate was then placed under a microplate reader to determine the absorbance value of each well at 570 and 600 nm; untreated cell wells were used as controls. All in vitro experiments were performed in triplicate (Sadej and Skladanowski, 2012). Cell proliferation was calculated by the formula:

	

where: εOX = the molar extinction coefficient of the oxidized AB form (blue), A = absorption of test wells, A° = absorption of the positive growth control well (cells without tested compounds), λ1 = 570 nm, λ2 = 600 nm.



Statistical Analysis

All results were expressed as mean ± standard deviation (SD) whenever data were normally distributed. Comparisons between the different experimental groups were performed using the ANOVA test and the post hoc Bonferroni–Holm test. The correlation analysis was performed with the Pearson test. Values of p < 0.05 were considered statistically significant. The analysis was performed using IBM SPSS Statistics, version 20 (SPSS Inc. Chicago, IL, USA).




Results and Discussion

Cancer remains a leading cause of death worldwide despite considerable progress in basic research and clinical studies. Early diagnosis and chemoprevention are essential for reducing the incidence of cancers. In addition, the side effects of conventional therapies contribute to diminishing patients’ life quality and imply the need to develop a safe and effective therapeutic alternative. Although research has been conducted to combat cancer in terms of natural therapy, a satisfactory and complete therapeutic agent has not been found.


Polyphenols Analysis

The differences between the polyphenol content depend on the grape variety, grape maturity, environmental factors, and the technological processes used during the vinification (Xu et al., 2016). The TPC of the extracts varied with the GP product, FNfe having the higher TPC (15.03 ± 0.84 mg GAE/g), followed by PNfe (9.23 ± 0.85 mg GAE/g), PNfr (8 ± 0.10 mg GAE/g), and FNfr (6 ± 0.75 mg GAE/g).

The LC/MS analysis identified the compounds from the GP extracts and confirmed the TPC results, respectively fermented GP samples had a higher content of polyphenols than the fresh GP samples, FNfe having the highest concentration of polyphenols.

Caftaric acid is a phenolic acid found in grapes and gives the white wine color (Song et al., 2018a). In this study, caftaric acid was below the limit of detection (LOD) for all analyzed samples (Table 1, Figures 1–4).


Table 1 | The: polyphenolic compounds content in the Fetească neagră and Pinot noir grape pomace extracts.






Figure 1 | The UV chromatogram of fresh Pinot noir 2015 grape pomace extract. 1, Isoquercitrin; 2, Rutoside; 3, Quercitrin; 4, Quercetin.






Figure 2 | The UV chromatogram of frtmented Pinot noir 2015 grape pomace extract. 1, Isoquercitrin; 2, Quercetin.






Figure 3 | The UV chromatogram of fresh Fetească neagră 2015 grape pomace extract. 1, Hyperoside; 2, Isoquercitrin; 3, Miricetol; 4, Quercitrin; 5, Quercetin; 6, Kaempferol.






Figure 4 | The UV chromatogram of fermented Fetească neagră 2015 grape pomace extract. 1, Hyperoside; 2, Isoquercitrin; 3, Miricetol; 4, Quercetin; 5, Kaempferol.



Kaempferol is a dietary antioxidant flavonol that reduces the risk of chronic diseases, including cancer. At the molecular level, kaempferol has been reported to modulate a number of key elements in cell signal transduction related to apoptosis, angiogenesis, inflammation, and metastasis (Chen and Chen, 2014; Beres et al., 2017). It was found that exposure to solar radiation increase kaempferol concentration. It was detected only in the FNfr (3.679 ± 0.04 µg/ml) and Fnfe (5.740 ± 0.78 µg/ml) GP extracts, and the concentration was comparable to the one determined in South African Shiraz (0.36 mg/100 ml) and Cabernet Sauvignon (0.35 mg/100 ml), but higher than the concentration from three Calabrian red wines (Gidaro et al., 2016) (Table 1, Figures 1–4).

Miricetol is a flavonol with potent antioxidant, anticancer, analgesic, antidiabetic, hepatoprotective and anti-inflammatory activities. Extensive research into the anticancer activities of miricetol has shown that the compound is cytotoxic to a number of human cancer cell lines, including liver, skin, colon, and pancreas cancer cells. The antioxidant property of miricetol was higher than that of vitamin E. The anti-inflammatory activity of miricetol has been demonstrated in acute and chronic in vivo animal models by preventing NF-kB activation, NO, proinflammatory cytokines and PGE2 production (Semwal et al., 2016). In the Pinot noir GP extracts, kaempferol and miricetol were under the LOD, in FNfe moderate amounts of kaempferol and small amounts of miricetol were detected, and in FNfr only small amounts of miricetol were found (Table 1, Figures 1–4).

Quercetin exists mostly in its quercetin glycosides, which occur naturally and are among the most common flavonoids in the human diet. They have neuroprotective, cardioprotective, chemopreventive, antioxidant, anti-inflammatory, and antiallergic effects. The antioxidant and anti-inflammatory effects were associated with reduced expression of iNOS and inhibition of NF-κB expression (Dai et al., 2013). Quercetin has poor bioavailability, but quercetin glycosides have the same in vivo therapeutic effects and better bioavailability. The quercetin glycosides evaluated in our study were quercitrin, isoquercetin, hyperoside, and rutoside (Song et al., 2018b). Quercitrin was above the LOD only in the fermented GP samples, FNfe having a significantly higher concentration of quercitrin than PNfe (p < 0.001). Isoquercetin was present in all the samples, having a significantly higher concentration in FNfe and PNfe (p < 0.001). Hyperoside was found above the LOD only in Fetească neagră samples, FNfe having a more important content of hyperoside than FNfr (p < 0.001). Rutoside has been shown to have immunomodulatory (Ganeshpurkar and Saluja, 2017), antioxidant (Shahid et al., 2016), anti-inflammatory, neuroprotective (Song et al., 2018b), antitumor (Chen et al., 2015), and cardioprotection (Wang et al., 2017) effects. As flavonol, rutoside has low bioavailability due to poor absorption, high metabolism, and rapid excretion, which limits its potential therapeutic use (Martinez-zapata et al., 2016). Rutoside was detected only in the PNfe samples (Table 1, Figures 1–4).

Quercetol has antioxidant properties by inhibing lipid peroxidation and xanthine oxidase, by scavenging ROS in vitro and can inhibit cancer (Ali et al., 2016). Quercetol was found in all GP samples, FNfe having the higher concentration (Table 1, Figures 1–4).

In a previous study we found significant concentrations of resveratrol in the Fetească neagră and Pinot noir GP extracts, the fresh GP extracts having a higher concentration (Balea et al., 2018a; Balea et al., 2018b). Several in vitro studies have shown that resveratrol has antitumor, antioxidant, anti-inflammatory, cardioprotective and antiplatelet activity, and glycosylated stilbenes have antifungal and antioxidant effects (Flamini et al., 2013). Studies conducted with resveratrol showed that it improves the effectiveness of cisplatin and doxorubicin chemotherapy, suggesting that it can be used in cervical cancer treatment (Silva et al., 2018).

In conclusion, the polyphenol analysis of the fresh and fermented pomace of Vitis vinifera L. var. Fetească neagră and var. Pinot noir extracts performed in the present and previous studies (Balea et al., 2018b) suggested antioxidant, anti-inflammatory and antiproliferative activities.



In Vitro Antioxidant Activity

All ethanolic extracts of GP proved to have lower antioxidant effects compared to the ascorbic acid. The fresh extracts had a higher AOA after 1,200 s than in the initial moment, FNfr increasing AOA to around 65%, and PNfr increasing AOA to around 60%. The PNfe extracts initially had no antioxidant effects, but after 1,200 s AOA increased to 50%. The FNfe was the single sample that revealed a slight decrease of the AOA after 1,200 s, from around 44% initially to 40%. The AOA results do not correlate with the polyphenol content because the fresh GP samples had a higher AOA and the fermented GP samples had a higher polyphenol concentration (Figure 5).




Figure 5 | Antioxidant activity evaluation with DPPH test. FNfe, Fetească neagră fermented grape pomace extract; FNfr, Fetească neagră fresh grape pomace extract; PNfe, Pinot noir fermented grape pomace extract; PNfr, Pinot noir fresh grape pomace extract.





In Vivo Antioxidant Effects

Polyphenols can reduce oxidative stress directly by preventing free radical formation and indirectly by increasing the activity of key antioxidant enzymes (Annunziata et al., 2020). While some studies have shown that natural extracts have antioxidant properties both in vitro and in vivo, other studies have shown that in vitro antioxidant activity does not always apply to in vivo models because polyphenols may also act as prooxidants (Veskoukis et al., 2012). Therefore, after demonstrating the antioxidant capacity by DPPH test, the in vivo antioxidant activity was tested on a turpentine-induced acute inflammation model (Lim et al., 2013). Because ROS have a short life, the in vivo oxidative stress assessment is generally based on the measurement of indirect markers. There are global parameters, like TOS, TAR, OSI, and NOx, and specific tests, such as molecules modified by free radicals, antioxidant enzymes, and transcription factors (Alam et al., 2013).

Turpentine administration resulted in a significant increase in TOS and OSI (p < 0.001) plus a TAR reduction (p < 0.001). Overall, the global oxidative stress parameters revealed important antioxidant properties for the evaluated GP extracts. The GP extract effects on TOS and OSI were concentration-dependent and decreased significantly TOS and OSI (p < 0.001), but there were no important changes of TAR (p > 0.05). Related to TOS and OSI, between the two Vitis vinifera L. varieties or between fresh and fermented GP extracts, there were no significant differences. The fermented GP samples had higher polyphenol content but that did not correlate with TOS and OSI changes (Table 2).


Table 2 | In vivo antioxidant global tests results.



An important cellular effect of ROS is peroxidation of the phospholipids and fatty acids in the membrane, resulting in modified membrane fluidity, protein structure, and cell signaling. Such a lipid peroxidation product is MDA. Some studies indicated that MDA has mutagenic and tumor promoter potential. Therefore, we evaluated the effects of GP extracts on the MDA formation induced by the experimental inflammation. Turpentine administration increased MDA significantly (p < 0.01). All GP extracts had moderate inhibitory effect on MDA formation (p < 0.01). These results may be linked to the finding that flavan-3-ols monomers reduce LDL oxidizability through their incorporation into the LDL particles and the radical trapping effects (Annunziata et al., 2018; Annunziata et al., 2019) and to our previous study which reported an important content of flavan-3-ols monomers in the GP extracts (Balea et al., 2018b; Balea et al., 2018a). There were no significant differences between the effects on MDA of the two grape varieties or between fresh and fermented GP extracts of the same variety (p > 0.05) (Table 3).


Table 3 | In vivo antioxidant specific tests results.



In the plasma there are two major groups of thiols: protein thiols, mainly albumin thiols, and nonprotein thiols or small molecules thiols, such as cysteine (Cys), cysteinylglycine, glutathione, homocysteine and γ-glutamylcysteine. Under oxidative stress conditions Cys residues are oxidized resulting in mixed disulphides between protein thiol groups and small molecules thiols, preventing protein thiol oxidation (Yang and Guan, 2015). These disulphide bonds are reversible, creating a dynamic thiol–disulphide homeostasis which is important in antioxidant protection. The dynamic thiol–disulphide dysbalance is implicated in the pathophysiology of many diseases, including cancer (Emre et al., 2017). Turpentine-induced oxidative stress significantly reduced SH (p < 0.001). The pretreatment with GP extracts increased SH (p < 0.001) in a concentration-dependent way. The fresh GP extracts were more efficient, with no significant differences between the two Vitis vinifera L. varieties (Table 3).

In inflammation NF-kB is a pleiotropic transcription factor that regulates the expression of genes like those for chemokines, cytokines, cell adhesion molecules, growth factors, antioxidant enzymes, iNOS, and others (Silva et al., 2018). NO produced under these conditions is an effector molecule that may have beneficial or harmful effects. At nontoxic concentrations, NO is an effective antioxidant in vitro and in vivo. If the synthesis is excessive, NO reacts with O2− producing high quantities of peroxynitrite (ONOO−), a strong oxidant, which can induce oxidative stress, nitrosative stress, and nitration stress (Lacza et al., 2009). The toxicity hypothesis indicates that high levels of NO induce mitochondrial respiratory inhibition, ATP depletion, DNA deamination, oxidation, and nitration. The hypothesis of the cytoprotective role of NO states that NO protects cells against lipid peroxidation by reaction with sulfhydryl groups in proteins (Jiang et al., 2018). Because flavonols inhibit NO production (Semwal et al., 2016) and NO accumulation (Dai et al., 2013), the reduction of NO may be correlated with the polyphenol content. It was reported that polyphenols can suppress NF-kB activation and translocation into the nucleus of the activated B cells (Annunziata et al., 2020). Plant extracts with anti-inflammatory effects mediated by iNOS inhibition and nitro-oxidative stress reduction may be an adjuvant alternative therapeutic option for tumor cells proliferation and metastasis inhibition (Jiang et al., 2018). Turpentine administration significantly increased NOx (p < 0.001), and pretreatment with GP extracts caused a concentration-dependent reduction of NOx, the fresh GP extracts having a stronger inhibitory effect than the fermented GP extracts. These results correlated with the DPPH test. There were no significant differences between the two Vitis vinifera L. varieties in the case of fresh GP extracts (Table 3).

3NT is a product of tyrosine nitration mediated by RNS, and it is a marker of inflammation, NO production, nitrative stress, and oxidative stress induced cellular damage (Knight et al., 2018). Induction of inflammation increased 3NT significantly (p < 0.001), and pretreatment with GP extracts reduced 3NT in a concentration-dependent way. There were no important differences between the Vitis vifera L. varieties or fresh and fermented GP samples. 3NT correlated with TOS and OSI (Table 3).

Because a vicious circle between inflammation, oxidative stress, and ROS formation develops, (Park et al., 2015), the antioxidant therapy involves consecutive anti-inflammatory effects and the analysis of the antioxidant activity indirectly analyzes the anti-inflammatory effects (Shahid et al., 2016). That is the reason why the antioxydant activity of the tested GP extracts can be also considered an anti-inflamatory activity.



Antiproliferative Effects

Previous data on the effect of GP extracts on cancer cells are limited and the mechanisms are not fully understood. Studies performed on colon cancer cells proved that GP extracts rich in polyphenols had cytotoxic and antiproliferative effects (De Sales et al., 2018; Pérez-Ortiz et al., 2019). Their activity depends on the concentration, target molecule, and environmental conditions. GP extracts have cytoprotective effects toward normal cells and cytotoxic effects toward cancerous cells (Brglez Mojzer et al., 2016). Many data show that polyphenols have anticancer effects due to their antioxidant and anti-inflammatory effects. Their ROS scavenging effects decrease cell proliferation and DNA oxidative damage (Lizarraga et al., 2011). Through the prooxidative effect polyphenols may induce apoptosis of the cancer cells. By inhibiting angiogenesis, polyphenols reduce tumor growth, and by reducing the adhesiveness and invasiveness of cancer cells, reduce the metastatic potential (Brglez Mojzer et al., 2016). Moreover, polyphenols such as resveratrol, quercetin, catechin, and curcumin, proved to influence mitochondrial function. Because cancer cells are high ATP consumers in order to support accelerated proliferation and associated processes, mitochondrial energy metabolism seems to be a proper target in order to cause dysfunction in cancer cells (De Sales et al., 2018). A study performed with Pinot noir GP extract from Brazil, rich in polyphenols with high antioxidant activity, on human hepatocarcinoma HepG2 cells showed that a short-term incubation increased mitochondrial respiration and antioxidant capacity and lowered glycolytic metabolism, and a long-term incubation was cytotoxic and cells died by necrosis (Brglez Mojzer et al., 2016). There are pieces of evidence that the antiproliferative activity of the polyphenol involves also epigenetic mechanisms, such as DNA methylation, histone changes, and micronucleotic acids (miRNAs) that modulate gene expression in cancer (Arora et al., 2019). Therefore, the antiproliferative activity of our fresh and fermented GP extracts with a rich polyphenol content and antioxidant activity was tested on cancer cell lines A549, MDA-MB-231, B164A5, and normal cells HaCat using the Alamar blue viability test.

Proliferation of all four cell lines treated with FNfr was significantly reduced: HaCat (42.58%), A549 (57.27%), MDA-MB-231 (48.89%), and B164A5 (46.59%). FNfe greatly reduced cell proliferation of all cell lines too: HaCat (26.17%), A549 (33.32%), MDA-MB-2 (41%), and B164A5 (29.95%). The antiproliferative effects of FNfe were significantly higher than those of FNfr. PNfr inhibited all cell line proliferation: HaCat (2.39%), A549 (72.36%), MDA-MB-231 (64.47%), and B164A5 (53.75%). Normal cells were found to be more sensitive to stimulation with PNfr. The smallest reductions in cell proliferation were observed for all four cell types after exposure to PNfe: HaCat (89.74%), A549 (98.82%), MDA-MB-231 (90.32%), and B164A5 (101.23%). The antiproliferative effects of PNfr proved to be much stronger than those of PNfe (Figure 6). These results were correlated with the polyphenols identified in the GP extracts, respectively FNfe had the highest polyphenol content and the strongest antiproliferative effect. Because the antioxidant activity of the GP extracts was better in the fresh samples, we hypothesized that the prooxidant properties of the GP fermented extracts were involved in the better anti-proliferative effect.




Figure 6 | Alamar blue cell proliferation assay. HaCat, keratinocyte; A549, human lung carcinoma; MDA-MB-231, human breast adenocarcinoma; B164A5, murine melanoma; FNfe, Fetească neagră fermented grape pomace extract; FNfr, Fetească neagră fresh grape pomace extract; PNfe, Pinot noir fermented grape pomace extract; PNfr, Pinot noir fresh grape pomace extract.






Conclusions

The phytochemical analysis revealed rich polyphenol content in the Vitis vinifera L. var. Fetească neagră and var. Pinot noir pomace extracts, the fermented GP samples having the higher polyphenol concentration. The Vitis vinifera L. var. Fetească neagră and var. Pinot noir pomace extracts have antioxidant and anti-inflammatory effects, and the in vitro and in vivo antioxidant activity were better in the fresh pomace extracts. In vivo NO reduction seems to be the cause of a stronger antioxidant effect for the fresh GP extracts. Vitis vinifera L. var. Fetească neagră and var. Pinot noir pomace extracts have antiproliferative effects on tested cancer cells and normal cells, and these effects correlate with the higher polyphenol content in the fermented pomace samples.

In conclusion, due to the antioxidant, anti-inflammatory and antiproliferative effects of the Vitis vinifera L. var. Fetească neagră and var. Pinot noir pomace extracts, these products can be considered potential agents for nutraceutical formulation in cancer prevention and treatment. Due to the higher polyphenol content the fermented GP extract might be better nutraceuticals.
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Balkan Peninsula is one of the most important biodiversity centers in Europe. Despite that, the usage of plant species in the traditional medicine of some Balkan regions remained largely unexplored in the past. This study aimed to collect and document data on the traditional use of medicinal plants in Pčinja district in South-Eastern Serbia, which is among the least developed regions in Serbia. Also, comparison with data collected by Dr. Jovan Tucakov, in a book called Herbal therapy was conducted. The survey was carried out using semi-structured interviews and 113 informants were interviewed. Quantitative ethnobotany factors were calculated, allowing us discussing the results. The informants reported data on 86 medicinal plants belonging to 43 families in Pčinja district. Lamiaceae, Asteraceae, and Rosaceae were the dominant locally used families. The species with the highest number of use reports were Mentha piperita, Matricaria chamomilla, and Hypericum perforatum. Gastrointestinal ailments, respiratory problems and skin diseases were the most frequently reported indications. Usually, the administration was primarily oral followed by topical applications. Leaves were dominantly exploited plant parts and the most frequent preparation form was infusion. Medicinal plants in Pčinja district are mainly used as a mode of primary health care for treating minor health issues. After comparing our results with the ones collected half a century ago by Dr. Jovan Tucakov we can conclude that plant species mentioned in our investigation previously had a much wider spectrum of application.




Keywords: medicinal plants, ethnobotany, Balkan traditional medicine, ethnopharmcology, gastrointestinal ailments, Serbia



Introduction

The use of medicinal plants in Serbia for the treatment of numerous health problems has a long history and the oldest documents about this topic date back from the 14th century (The Hodoch Codex) and the 16th century (The Chilandar Medicinal Codex) (Sarić, 1989). Much of the knowledge on the use of medicinal plants has been collected during the second half of the 20th century by a university professor, Dr. Jovan Tucakov, in a book called Herbal therapy (first time published in 1973). This book represents the essential guide-book in this area. According to this author, the history of the medical culture of people from the Balkan is very interesting and complex since in this part of Europe strong influences of East and West are present. Medicinal literature of Mediterranean and other countries has been mixed and intertwined with the folk medicine of the illiterate warriors and shepherds (Tucakov, 1997). Almost every home in Serbia possesses this book and family members rely on it while practicing self-medication (Stojanović et al., 2017). Today, in Serbia, the simultaneous use of herbal preparations together with conventional drug therapy is very frequent (Samojlik et al., 2013).

During the last decade of the 20th century, the health status of the Serbian population sharply deteriorated. This was due to several causes including the dramatic break up of socialist Yugoslavia, series of wars, international sanctions and a general decline of standards of living (Nagorni-Obradović and Vuković, 2014). According to research conducted in 2015 forty percent of Serbian citizens reported that a long-term illness or health problems are somewhat more common among residents of Southern and Eastern Serbia (Lončar, 2016).

In Serbia, the poverty level is the highest in South-east regions where the economy relies on small farming, poor infrastructures and inadequate public services. As a result of economic failures, the entire region is witnessing decade-long depopulation. According to the census performed in 2002, there were 64 inhabitants per km2. However, the census of 2011 has indicated the palpable decrease as there were 45 inhabitants living per km2 in Pčinja district. This fact testifies about the potential disappearance of traditional knowledge.

The aim of this paper was to analyze ethnomedicinal usage of medicinal plants in Pčinja district in South-Eastern Serbia using data obtained through the semi-structured interviews of autochthonous population and to compare results with previously published ethnomedicinal studies conducted on the territory of Serbia (Jarić et al., 2007; Šavikin et al., 2013; Zlatković et al., 2014; Jarić et al., 2015). Also, we have compared the obtained results with the data collected by Dr. Jovan Tucakov in the book called Herbal therapy. The purpose of this comparison was to investigate how the usage of medicinal plants has been changing over time. More precisely to determine are there any differences in the application of medicinal plants and can we notice any decrease or diversity of use. Also, comparison with previously published data collected from researchers from surrounding territories in Serbia was performed.



Material and Methods


Research Area

The research was conducted in the area of Pčinja district, which extends to the south of the Republic of Serbia covering an area of 3,520 square kilometers (3.98% of the territory of the Republic of Serbia). In the east, it borders with Bulgaria, in the south with North Macedonia and Albania, in the west with Kosovo and Metohija and in the north with the district of Jablanica. The district includes municipalities of Vranje, Bujanovac, Bosilegrad, Preševo, Trgovište, Vladičin Han, and Surdulica (Marković and Stevović, 2016).

Pčinja district is the region in South Serbia which is extremely poor. Population aging and negative demographic trends are present, literacy level is low (especially in women over 65 in rural households), socio-economic development is low and high level of depopulation is present. Absence or low quality of road infrastructures, limited access to social and public services, traditional agricultural production on small households characterize the majority of municipalities, especially rural ones. Although health care is available and free for all citizens regardless of social status, Serbian healthcare system has been severely underfunded for decades and therefore the standard of available healthcare has poor quality. Equipment and facilities were not modernized for many years. On the other hand, human resources strategy was not appropriate for decades and education policy was not coordinated with the needs of health care, so the number of unemployed doctors was constantly increasing. At the same time, there was insufficient number of some specialist (radiologist, anaesthesiologist and cardiac surgeons). Low salaries and high unemployed rates create an incentive for doctors to emigrate (Stošić and Karanović, 2014).

Due to that reason, self-medication is popular among inhabitants, as well as simultaneous use of herbal preparations together with conventional drug therapy. The most common causes for going to the Health Centre general practitioner are respiratory and cardiovascular diseases. Also, there is an increase in the number of patients with neurological diseases and substance abuse (which represent a major health and socio-economic problem) (Mužik and Karajičić, 2014).



Ethnomedicinal Survey

Data was collected using semi-structured ethnomedicinal interviews during the period March-September 2015. A total of 113 informants were interviewed. No special criteria for the selection of the informants were used. The majority of informants (109) were Serbian nationality, one was Macedonian and three did not declare. The age of informants was between 17 and 74, with an average value of 48 years (Table 1) and the number of male and female informants was 30 (27.4%) and 81 (72.6%).


Table 1 | Demografic features of informants in Pčinja district.



Interviews were conducted by researchers of the Institute for medicinal plant research “Dr. Josif Pančić”. They were equipped with appropriate terrain vehicles and with knowledge of common locations known for tradition in collecting medicinal plants since they have rich experience in conducting pharmacognostic and resource field research in Serbia. Also, researchers were familiar with the information provided from small and medium collectors of medicinal plants from various parts of Serbia with whom the Institute has long-term cooperation in medicinal plants trade.

For this study, the informants were selected based on the recommendations of local village leader or by known collectors of medicinal plants. Also, in each village, we look for potential informants in gathering places of elderly people and we asked for information about other potential informants through a snowball sampling. Explanations of the background and the aim of the study were provided to the potential informants before starting the surveys. Only those who claimed to know the plants and their medicinal uses were interviewed.

Interviews were conducted orally with all respondents. When it was possible, ethnomedicinal interviews were combined with guided tours, to the locations where the informants usually collect medicinal plants or to the market places, where the informants identified plant material. Moreover, for the identification, researchers were equipped with herbarium, photos of the medicinal plants as well as the relevant literature - Flora of Serbia (Josifović, 1970–1977; Sarić and Diklić, 1986) and Flora of Europe (Tutin et al., 1964–1980; Tutin et al., 1993).

The informants were asked to list all the plants they use in the treatment of different health issues. In particular, the interview included the following questions: respondent name, sex, age, residence, nationality, profession, local names of the plants they use, plant part(s) used, preparation/administration, and folk medicinal uses. Vouchers were collected and dried for herbarium preparations, while photographs were taken for easier identification with the help of standard literature: Flora of Serbia (Josifović, 1970–1977; Sarić and Diklić, 1986) and Flora of Europe (Tutin et al., 1964–1980; Tutin et al., 1993). Some of the plant species were bought in pharmacies. The identity of these commercial products was confirmed via their package leaflet and it was considered correct.

All reported plant species were indicated for the citations of 15 out of 17 ailment categories which were established according to the International Classification of Primary Care accepted by the WHO (Direktoratet for e-helse, 2018): general and unspecified (A), digestive (D), blood, blood-forming organs and immune mechanisms (B), endocrine/metabolic and nutritional (T), psychological (P), neurological (N), eye (F), ear (H), cardiovascular (K), respiratory (R), skin (S), musculoskeletal (L), urological (U), pregnancy, childbearing, family planning (W), female genital (X), and male genital (Y).

All plants cited by informants, even when only mentioned by a sole informant, have been considered. After collecting data, plants were ranked based on the number of times that their uses were mentioned by the participants.

Each time a plant was mentioned as ‘‘used’’ it was considered as one ‘‘use-report’’ (UR). If one informant used a plant to treat more than one disease in the same category, it was considered as a single use-report (Trotter and Logan, 1986).



Data Analysis

The collected ethnomedicinal data were analyzed to obtain information about frequency and percentage of families, the number of most cited plant species and their uses, the most commonly used plant parts as well as preparation methods. The data collected during the field study was sorted in Microsoft Excel and further evaluated by quantifying the use reports according to previously published literature (Trotter and Logan, 1986). Also, informant consensus factor was calculated according to the equitation: FIC = (Nur-Nt)/(Nur-1), where Nur presents the number of use citations in each ailment category and Nt presents the number of species used (Trotter and Logan, 1986). This means that FIC values would be low (near 0) if plants were chosen randomly or if informants do not exchange information about their use. FIC values would be high (near 1) if there were well-defined selection criteria and/or if informants exchange information about plant usage (Teklehaymanot and Giday, 2007).

The obtained data were statistically analyzed using appropriate tests for the determination of statistical significance (chi-square test of independence with correction of continuity according to Yeats).

We have compared the obtained results with the data collected by Dr. Jovan Tucakov in the book called Herbal therapy. The purpose of this comparison was to investigate how the usage of medicinal plant has been changing over time. Data presented in the book Herbal therapy represent knowledge gained through Dr. Jovan Tucakov’s working lifetime, especially during his field research, compiled with the data from relevant scientific literature available at that time. The area of research was predominantly the territory of the today’s Republic of Serbia, but data relating to other parts of the SFR Yugoslavia, the state that existed at the time, are also presented in the book. Unfortunately, precise methodology has not been described.

Also, in order to compare traditional plant use in investigated district with neighboring areas, four previously published ethnomedicinal studies conducted on the territory of Serbia were considered (Jarić et al., 2007; Šavikin et al., 2013; Zlatković et al., 2014; Jarić et al., 2015), having in mind these studies were performed in the closest proximity of the investigated region.




Results and Discussion


Ethnomedicinal Survey

The results obtained during our study are presented in Table 2 where plants are arranged in alphabetical order of their botanical names. For each plant, the botanical name and family, local names, part(s) used, voucher number, preparation/administration, folk medical uses and total number of use reports were reported. In the same table, we have provided data from Herbal therapy written by Dr. Jovan Tucakov that we have used for comparison.


Table 2 | Plant species used in modern and traditional medicine of Pčinja district.








According to our study, botanical remedies comprise 85 plant species belonging to 43 families. Number of plant species cited by younger (< 40 years) and older informants (> 40 years) significantly differed in Pcinja district (p=0.01). Also, a statistically significant difference was observed among males and females on the number of plant species used for treatment of various health disorders (p=0.02). The predominant botanical families were Lamiaceae (30% of species), Asteraceae (26% of species) and Rosaceae (19% of species). These families include many cosmopolitan medicinal plant species that can be easily reached in the investigated area’s ecosystems. So, at least partially their wide application in traditional medicine can be attributed to their predominance in the flora of the investigated region. Around 15% of Serbian flora comprise Balkan endemic species. Still, in our study, the traditional use of endemic species was not recorded in the investigated district.

In Pčinja district species with the highest number of use reports were Mentha piperita (74), Hypericum perforatum (48), Matricaria chamomilla (43), Salvia officinalis (33), Urtica dioica (31), Thymus serpyllum (28), and Tilia cordata (20). Folk medicine is primarily used for healing minor diseases with some exceptions (e.g., Viola tricolor and Viola odorata for treating malignant diseases). The most frequent medicinal uses were for treating diseases of the digestive system, respiratory system and diseases of the skin and subcutaneous tissue, followed by general and unspecified diseases (such as pain, fever, malignancy and health prevention). The prominence gastrointestinal applications of medicinal plants in our study could be due to the prevalence of these ailments but also the absence of efficacious pharmaceuticals in those diverse conditions, e.g. digestive problems, diarrhea, constipation, abdominal pain, ﬂatulence, colic. Also, among the most common causes for going to the Health Centre general practitioner are respiratory diseases and that is reflected in the uses of herbal medicines.

Table 3 indicates FIC values of the category of ailment. The level of informants’ agreement was high for most ailment categories and these points out towards the great uniformity in the selection of species used to treat diseases belonging to these ailment categories. The knowledge interchange and homogenization due to knowledge transmission can be seen as a possible explanation for the existing low number of medicinal plants used in investigated districts (Cavalli-Sforza et al., 1982). The majority of the plants (72) were reported to have 1–3 different usages and the species with the most diverse uses were Hypericum perforatum and Urtica dioica. These plant species hold important place in the Serbian traditional medicine, as well as in common beliefs. It is thus believed that on the St. Georges Day (6th of May) you need to take a bath with the water in which nettle was submerged. This would contribute to general health. For the St. Johns Worth, also known in the folk medicine as Virgin Mary’s grass, there is a belief existing on the South of Serbia that it got its spots after drops of water falling from the hands of the Virgin Mary to its leaves (Čajkanović, 1985).


Table 3 | Informants consensus factor (FIC) for different ailment categories (according to International Classification of Primary Care).



Several different ways for preparation and administration of medicinal plants were reported. The most of all reported plants were consumed internally (79.52%), whereas 14.46% of all plants in Pčinja district were used both internally and externally and 6.02% of medicinal plants were used only externally. As far as internal consumption is concerned, in the Pčinja district, the dominant form was infusion, followed by eating fresh plant parts, using juice, tincture or decoction. Although infusions should be prepared with lighter parts of plants (leaves, herb, flowers) and decoction should be applied for extracting constituents from roots, bark, seeds, and berries, we have noticed that informants do not make such a difference. External application included infusions for gargling and rinsing, compress or fresh plant parts as cataplasm, ointments, oil extracts and tinctures. Minor preparation forms were syrup and macerate. Several medicinal plants were used as a spice.

The most used plant part was leaf (31.58%). This partially can be explained by their collection convenience. Other parts used were: flower, fruit, herb, root, seed, stem, bark, bulb, stigma, needles, and thallus.

Sixty-nine informants (64.5%) in Pčinja district confirmed that there was tradition of collecting medicinal plants in their family and 55 (51.4%) informants collect plants by themselves. In Serbia, special environmental legislation is protecting numerous medicinal and aromatic plant species. This way their rational and moderate use has been guaranteed. Some of these plant species are also mentioned by informants in investigated districts (Alchemilla sp., Arctostaphylos uva-ursi, Betula pendula, Gentiana lutea, Juniperus communis, Satureja sp., and Vaccinium myrtillus) (Jarić et al., 2014).

It should be noted that some of very well-known plants (e.g. Betula pendula, Verbascum densiflorum, Aesculus hippocastanum, Humulus lupulus, Juglans regia and Morus nigra) were not reported in the investigated district.



Comparison With Previously Published Data and Novelty of Uses in the Studied Area

In order to compare traditional plant use in the investigated district with neighboring areas, four previously published ethnomedicinal studies conducted on the territory of Serbia were considered (Jarić et al., 2007; Šavikin et al., 2013; Zlatković et al., 2014; Jarić et al., 2015). Though the research areas and methods are different in these studies, similarity regarding plant use and modes of application can be expected due to the fact that these areas share similar flora, and also due to the cross-cultural knowledge exchange in the past. According to our results, considering 86 plant species recorded in Pčinja district, 23 of them were not mentioned in four cited studies from neighboring areas. Several of these species are not characteristic for the Serbian flora: Camellia sinensis, Senna alexandrina, Cinnamomum verum and Morinda citrifolia. Species mentioned in investigated area, as well as in areas used for comparison are: Achillea millefolium, Allium ursinum, Althaea officinalis, Cichorium intybus, Equisetum arvense, Hypericum perforatum, Matricaria chamomilla, Mellisa officinalis, Plantago major, Primula veris, Sambucus nigra, Sempervivum tectorium, and Urtica dioica. The similarity between data on medicinal plants obtained in current as well as in studies previously conducted in surrounding regions is presented in Table 4. Similarly, to Zlatibor district number of cited plant species per informant is lower compared to surrounding areas (Kopaonik, Suva planina, and Rtanj), suggesting the disappearance of ethnobotanical practice.


Table 4 | Comparison between the medicinal plant uses in Pčinja district and those previously recorded in ethnobotanical studies conducted in surrounding regions.



Also during this research comparison has been made with the knowledge about traditional medicine that had been recorded by Dr. Jovan Tucakov. In the book called Herbal therapy he sees traditional medicine as a “treasure chest”. According to this comparison 17 plant species recorded during ethnobotanical investigation in Pčinja district have not been mentioned in the Jovan Tucakovs’ book. However, for plant species mentioned by Tucakov much more diverse application is elaborated compared to modern-day accounts from Pčinja district. Examples for this are the following species: Inula helenium, Juniperus communis, Pulmonaria officinalis, Symphytum officinale, Teucrium chamaedrys, Chelidonium majus (Table 2). In this respect, Tucakov says for the Teucrium chamaedrys that it is one of the most favorable folk medicine of Serbs, especially in mountainous regions. There is a practice of making wine from T. chamaedrys (200 g is poured with liter of red wine and is left to stay for 8 days) which is used by the people as the cure against weaknesses, anemia and for wound washing. Another plant that Tucakov describes as one of the most favorite plants of the Serbian people is garlic. For this species, he says there are only a few local plants which acquired so much importance and in which people have such firm confidence as is the case with garlic. Consequently, Tucakov lists several examples recorded among Serbian population:„it is useful to eat garlic on a daily basis in order to fight cholera and typhus”; there is no such diarrhoea or heart pain which can not be cured with garlic and oak peel” (Tucakov, 1997).

Also, for different plant species, various plant organisms are recorded. For example, Tucakov emphasizes the use of Fragaria vesca rhizome in traditional medicine, while respondents in the Pčinja region use strawberry fruit for medicinal purposes. Also, while Tucakov states the application of the valerian root as a sedative, the modern-day inhabitants of the Pčinja district region use valerian leaf and flower. According to our knowledge, there are no data from investigations that could justify such an application.

Another conclusion which can be made from this comparison is that half a century ago a greater number of plant species have been used for so-called female diseases. Tucakov (1997) names as much as twelve plant species (Achillea millefolium, Althaea officinalis, Calendula officinalis, Carum carvi, Inula helenium, Juniperus communis, Matricaria chamomilla, Ocimum basilicum, Rosmarinus officinalis, Teucrium chamaedrys, Teucrium montanum, Urtica dioica, Vitis vinifera) that can be used for this group of diseases. One of the reasons for such a situation can be found in the fact that Serbia was in that time overwhelmingly peasants’ society and visits to the doctor were not part of their culture. Also, the number of doctors was scarce.

In order to highlight new or rare uses of medicinal plants, collected data were compared with regional, national and global uses of plants. Most of the recorded species in both districts are traditionally well known, and after comparison with literature - PDR (Physicians Desk References) for Herbal Medicines (2000) some of them have shown new uses. Few examples are discussed below:

	Juice of Sempervivum tectorum has been used in earache treatment. This has also previously reported in traditional medicine of other regions in Serbia (Jarić et al., 2007; Šavikin et al., 2013). Also, Stojković et al. (2015) showed that the juice possesses antimicrobial activity towards clinical isolates of bacteria linked to otitis. Antimicrobial activity was tested using a microdilution assay on bacteria (Proteus mirabilis, Staphylococcus aureus, and Pseudomonas aeruginosa) isolated from ear swabs of the patients suffering from the ear pain. Reference strain of P. aeruginosa (ATCC 27853) was the most sensitive to the influence of S. tectorum juice, with MIC of 0.153 mg/mL and MBC 0.290 mg/mL. In the same investigation quorum sensing functions in Pseudomonas aeruginosa were effectively controlled with juice obtained from leaf of Sempervivum tectorum.


	Corn silk is used for the treatment of gout and rheumatic pain. As a well-known diuretic corn silk (Zea mays) stimulates elimination of toxins and uric acid from the body, which can be a possible explanation for relieving gout, edema and arthritis. Nile and Park (2014) showed that polyphenolic compounds isolated from maize (peonidin-3-glucoside, 3’-methoxyhirsutrin, vanillic acid and ferulic acid) exhibited significant inhibition of xanthine oxidase in vitro in spectrophotometric assay and formation of hydroperoxide (8.2–8.7 µM) compared to standard compound allopurinol (7.5 µM).


	Gentian root is used for vein complaints. Previously, researchers showed that gentian extract as well as its compound isovitexin possess significant anti-atherogenic properties (Kesavan et al., 2016). Diet supplemented with 2% gentian root powder prevented atheroma formation in streptozotocin induced diabetic rats after 12 weeks of application. In the same study authors recorded a significant decrease of the circulating levels of total cholesterol as well as lipid deposition on the aortic arch.







Conclusions

The current study represents a useful documentation which can contribute to preserving ethnobotanical knowledge in South-Eastern Serbia. After comparing our results with the ones collected half a century ago by Dr. Jovan Tucakov, we can conclude that plant species mentioned in our investigation previously had a much wider spectrum of application. Also, information obtained during this investigation has shown lower number of used plant species when compared to other studies carried out in neighboring regions. For some well-known species new applications have been recorded what can present a good starting point for new investigations.
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Aim of the Study

Phagocytosis is a crucial element of innate immune defense involved in bacterial killing. The aim of our study was to evaluate the influence of alantolactone on phagocytosis and cytokines release by THP1-derived macrophages. We assessed whether antimicrobial compound alantolactone (a sesquiterpene lactone present in Inula helenium L.) is able to stimulate immune functions of macrophages by increase of S. aureus uptake, phagosome acidification and further stimulation of phago-lysosomes formation. Simultaneously, we tested influence of alantolactone on cytokines/chemokines production and p65 NF-κB concentration. The activity of alantolactone was compared with clarithromycin at concentration 20 µM.



Methods

The cytotoxicity of alantolactone as well as S. aureus uptake, pH of phagosomes and phago-lysosomes fusion were analysed with flow cytometry. Reactive oxygen species and superoxide production were evaluated spectrophotometrically. The efficiency of phagocytosis was evaluated via quantifying viable bacteria (CFU). The effect on p65 protein concentration and cytokine production by macrophages were measured by enzyme-linked immunosorbent assay (ELISA).



Results

Alantolactone enhanced phagocytosis via increase of S. aureus uptake, acidification of phagosomes, and later stimulation of phago-lysosomes fusion. Alantolactone treatment resulted in ROS and superoxide production decrease. Furthermore, alantolactone inhibited production of pro-inflammatory cytokines TNF-α, IL-1β, IL-6, and IL-8 as well as decreased p65 concentration, the subunit responsible for NF-κB activation and cytokine production and simultaneously stimulated release of anti-inflammatory mediators (IL-10 and TGF-β).



Conclusion

Results of our study indicate that alantolactone enhances clearance of S. aureus, and simultaneously modulates immune response, preventing collateral damage of the surrounding tissues. Considering the importance of phagocytosis in the pathogen killing, alantolactone may have a great potential as the supportive treatment of S. aureus infections. Further in vivo studies are warranted to confirm this hypothesis.
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Introduction

Staphylococcus aureus, one of the world’s most prolific pathogen, afflicts humans and animals’ morbidity and mortality world-wide. As previously recognized, this bacteria commonly causes nosocomial infections, but some strains have a propensity to disseminate between otherwise healthy individuals, giving rise to community-acquired illnesses (Mediavilla et al., 2012). The most serious concern occurred with the emergence of multi-drug resistant strains, such as methicillin-resistant S. aureus (MRSA) demonstrating enhanced infectivity and virulence (Nimmo, 2012; Francis and Kuyyalil, 2018). Incredibly, these bacteria can colonize every tissue, causing pathologies varying from whole range of skin and soft tissue infections to fatal invasive diseases, such as necrotizing pneumonia and sepsis (Gonzalez et al., 2005; Labandeira-Rey et al., 2007; Saavedra-Lozano et al., 2008). The success of S. aureus as a pathogen can be attributed, among others, to the ability to weaken both the innate and adaptive immune responses of the host.

Phagocytic cells, mainly neutrophils and macrophages, are essential for effective host immune response to infections. The interaction of neutrophils with S. aureus has been thoroughly characterized (Spaan et al., 2013). Remarkably, S. aureus can withstand neutrophil-mediated killing, which is an impressive feature, considering the potent microbicidal capacity of the neutrophils. In contrast, the interaction of S. aureus with macrophages has not been studied thoroughly. Macrophages are professional phagocytes that possess large armamentarium of antimicrobial functions, and thus represent an important component of the innate immune response. What is more, macrophages can shape adaptive immunity through phagocytosis of pathogens and presentation of their antigens (Flannagan et al., 2015). Given the immune functions of the macrophages, it stands to a reason that evasion of macrophage-dependent killing of pathogens is essential for successful initiation and maintenance of an infection.

Phagocytosis is an example of canonical defense against pathogens (Tauber, 2003). Activation of membrane toll-like receptors (TLRs) by components of bacterial cell wall, such as lipoteichoic acid, leads to rearrangement of actin cytoskeleton of macrophages, and subsequently, to the internalization of a particle in the newly-formed phagosomes (Flannagan et al., 2012). Phagosome formation is not microbicidal per se, as the lumen of the nascent vacuole reflects the fluid phase outside the macrophage and the surrounding phagosomal membrane is derived directly from the cell membrane. However, the nascent phagosome rapidly undergoes significant biochemical remodeling, achieved by acquisition and removal of proteins and a marked decrease in pH (Pitt et al., 1992). This process of phagosome “maturation” is comprised of a series of strictly coordinated membrane fission/fusion events between the phagosome and endo/lysosomes, and leads to the formation of the mature phagolysosome, a degradative organelle possessing potent microbicidal properties (Fairn and Grinstein, 2012). The newly created phagolysosomes may be among the main effectors of pathogens killing. This statement is based on extensive correlative data associating phago-lysosomes formation with the efficiency of the pathogen killing (Sturgill-Koszycki et al., 1994; Clemens and Horwitz, 1995; Ullrich et al., 1999; Aberdein et al., 2013).

Killing pathogens in the phagolysosomes depends on activation of the phagocyte NADPH oxidase (Nox2). The NADPH oxidase catalyzes formation of highly unstable super oxide anion (O2−) that initiates a variety of chemical reactions, resulting in the generation of noxious reactive oxygen species (ROS) such as superoxide, peroxides, hydroxyl radical, α-oxygen and singlet oxygen (Pospíšil et al., 2019). ROS production in phagocytes serves multiple purposes, from cell signaling to microbial killing. The balance between intensity and timing of ROS production versus ROS scavenging appears to be critical for the pathogen clearance (Dupré-Crochet et al., 2013).

Intracellular killing is a highly sophisticated process, which requires a complex network of molecular pathways for successful pathogen damage (Aderem, 2003). Binding of pathogen to surface receptors, especially TLR2 and TLR4, initiates a rapid pro-inflammatory response mediated by pro-inflammatory transcription factors, mainly NF-κB (Schorey and Cooper, 2003). The effects typical for early events of the immune response mediated by NF-κB include release of both, pro- and anti-inflammatory cytokines (Hayden et al., 2006; Sur et al., 2019). It is clear that some cytokines, like IL-1β, IFNs, or IL-10, modulate phagocytic properties of macrophages (Zhai et al., 2019). They may intensify the maturation of phagosomes and intracellular killing inside of phagolysosomes (Zhai et al., 2019). However, it is poorly understood how S. aureus modulates the production of the other cytokines, such as IL-1β, IL-6, IL-8, INF-α, IL-12, IL-10, and TGF-β.

Stimulation of phagocytic properties of macrophages may be a promising treatment strategy. According to Hanckock et al., a novel approach involves host-directed immunomodulatory therapies, whereby natural mechanisms of the host are used to enhance the therapeutic benefit (Hancock et al., 2012). The objective is to initiate or enhance phagocytic properties of leukocytes while limiting inflammation-induced tissue injury. The latter needs proper balance between pro- and anti-inflammatory cytokines (Cicchese et al., 2018).

The aim of our study was to evaluate the biological activity of alantolactone, being the dominant compound occurring in Inula species, in context of S. aureus infection (Kim et al., 2017; Gierlikowska et al., 2020). We have evaluated influence of alantolactone on phagocytosis and cytokines release by macrophages. We assessed whether alantolactone, known as antimicrobial compound (Stojanović-Radić et al., 2012), is able to stimulate immune response of macrophages by increase of S. aureus uptake, phagosome acidification and further stimulation of phago-lysosomes formation. Simultaneously, we tested influence of alantolactone on NF-κB activity and release of cytokines/chemokines. The activity of alantolactone was compared with clarithromycin tested at 20 µM. Clarithromycin is a macrolide antibiotic, which has been shown to have the anti-microbial and immunomodulating properties (Simpson et al., 2008; Cervin et al., 2009). Some data highlight the ability of clarithromycin to stimulate phagocytic properties of macrophages (Xu et al., 1996) and neutrophils (Fietta et al., 1997).



Materials and Methods


Chemicals and Reagents

RPMI 1640 Medium, L-glutamine, alantolactone ≥98% (HPLC), clarithromycin ≥95% (HPLC), Lysostaphin from Staphylococcus staphylolyticus, 12-myristate 13-acetate (PMA), DAPI solution were bought from Sigma-Aldrich Chemie GmbH (Steinheim, Germany). Fetal calf serum (FCS) and Phosphate buffered saline (PBS) were obtained from Gibco (Grand Island, NY, USA) and penicillin–streptomycin from PAA Laboratories (Pasching, Austria). Accutase™ Cell detachment solution from BD Biosciences (San Jose, CA, USA). Cellular ROS/Superoxide Detection Assays were obtained from Abcam (Cambridge, UK). S. aureus 25923 was bought from ATCC (Virginia, USA). Alexa 647 carboxylic acid, Alexa Fluor 633 phalloidin and TMR- and biotin-conjugated dextran were obtained from Thermo Fisher (Massachusetts, USA). NF-κB p65 Transcription Factor Assay kit was bought from Active Motif (CA, USA). Enzyme-linked immunosorbent assays (ELISA) were obtained from BD Biosciences (San Jose, USA).



Alantolactone Source and Preparation of Stock Solutions for Bioassays

For all experiments alantolactone purchased from Sigma Aldrich was used (Steinheim, Germany). The chemical structure of alantolactone is presented in Figure 1A. Alantolactone was dissolved in DMSO (10 mM stock solution) and tested at a concentration range of 1–20 μM. As a positive control clarithromycin tested at 20 μM was used.




Figure 1 | (A) The chemical structure of alantolactone, and (B) the cytotoxicity of alantolactone in THP-1 cells.





Staphylococcus aureus Culture

The bacteria were cultured in basal LB medium, centrifuged and suspended in 1 mL of 0.1 M sodium bicarbonate (pH 8.3). Subsequently, 50 µL of Alexa Fluor 647 carboxylic acid (10 mg/mL DMSO) or Alexa Fluor 633 phalloidin (10 mg/mL DMSO) was added to the cell suspension and incubated for 1 h in the dark. After incubation, cells were washed 4 times in 100 mM glycine and 2 times in PBS. Eventually, bacteria were suspended in 200 µL of PBS containing 0.02% sodium azide.



Antimicrobial Properties of Alantolactone Against Staphylococcus aureus

Sensitivity of S. aureus was examined by the standard disc-diffusion method according to CLSI (previously NCCLS) guidelines (Watts et al., 2008). The results (diameter of the growth inhibition zone) were read after 18 h of incubation at 35°C. Minimal Inhibitory Concentrations (MIC) were tested by the two fold serial microdilution method (in 96-well microtiter plates) using Mueller-Hinton Broth medium (Beckton Dickinson) according to CLSI guidelines (Watts et al., 2008). Alantolactone and clarithromycin were both tested at 20 µM.



THP-1 Culture

THP-1, a monocytes cell line, was purchased from the ATCC collection. Cells were cultured in RPMI 1640 medium supplemented with 10% heat-inactivated fetal calf serum (FCS), penicillin and streptomycin at concentrations of 100 units/mL and 100 μg/mL respectively. Cell culturing was performed at 37°C and 5% CO2 in a humidified atmosphere. For differentiation, phorbol-12-myristate 13-acetate (PMA) was added to a final concentration of 10 nM. After 48 h, the PMA supplemented media were removed, cells were washed with PBS and rested in fresh PMA-free media for further 24 h in order to gain phenotypic characteristics of macrophages.



Determination of Cytotoxicity by PI Staining

Cytotoxicity of alantolactone was determined by a standard flow cytometric measurement using DAPI staining. Differentiated THP-1 cells were seeded on 12-well plates, 5 × 105 cells per well, and cultured for 24 h in a medium containing alantolactone in a concentration range 1-40 µM. After incubation, cells were harvested with Accutase, centrifuged (1300 RPM; 10 min; 4°C), labeled with DAPI and re-suspended in 400 µL of PBS. After 15 min of incubation with DAPI at room temperature, cytotoxic effect of alantolactone was analyzed by BD LSRFortessa flow cytometer (BD Biosciences, San Jose, CA, USA) by recording 10,000 events per sample. Cells that displayed high permeability to DAPI were expressed as percentage of DAPI (+) cells with the loss of cell membrane integrity.



S. aureus Uptake Assay

Differentiated THP-1 cells were seeded on 6-well plates, 1.5 × 106 cells per well. Compounds were added as described above and cells were cultured for 24 h. Subsequently, pretreated cells were infected with Alexa 647-labeled S. aureus for 15, 30, and 60 min and 4 h. After infection, cells were washed twice on ice with ice-cold PBS, then suspended in 400 µL of cold PBS, scraped and left in tubes on ice until flow cytometry analysis. Analysis was performed on single cells as presented in the Supplementary Material (Figure S1). The value of geometric mean of fluorescence (GMF) as well as representative cytograms were shown in Figures 2 and 3. The % of positive-infected cells (cells phagocytosed one or more bacteria) has been included in the Supplementary Material (Figure S2). Differences between controls (uninfected vs S. aureus-infected cells) were visualized by Zeiss LSM 710/780 confocal microscopy after prior cell fixation with 4% formaldehyde and DAPI staining.




Figure 2 | The influence of alantolactone treatment on S. aureus uptake by THP-1 cells. Data show geometric mean of fluorescence (GMF) phagocytosed heat-killed S. aureus by THP-1 cells at different time-points: (A) 15 min after infection, (B) 30 min after infection, (C) 60 min after infection and (D) 4 hours after infection. Each experimental set was compared to S. aureus-stimulated control.Statistical significance: *p < 0.05, **p < 0.01, ***p < 0.001 versus stimulated control, # statistically significant (p < 0.001) versus non-stimulated control (ANOVA and Dunnett’s post hoc test); control-non-stimulated control; S. aureus - S.aureus-stimulated control.






Figure 3 | The influence of alantolactone on S. aureus uptake by THP-1 cells at different time-points (15, 30, 60 min, and 4 h). Data show representative cytograms obtained at different time-points (15, 30, 60 min, and 4 h).





Phagosomal pH Measurements

For phagosomal pH measurement, macrophages were seeded on 12-well plates as described above, pretreated for 24 h with compounds (or calibration buffers) and then incubated for 1 h with heat-killed S. aureus-labeled with Alexa Fluor 647. Intracellular pH calibration was achieved by clamping phagosomal pH using potassium rich buffer solutions (120 mM KCl, 20 mM NaCl, 1 mM CaCl2, 1 mM MgCl2, 10 mM HEPES with the pH adjusted from 4 to 8) for 30 min at 37°C. Changes in pH were measured by the intensity ratios of fluorescence using flow cytometry. The method was adapted from Di et all protocol (Di et al., 2006; Renna et al., 2011).



Phagosome-Lysosome Fusion Assay

For phagosome-lysosome fusion analysis, differentiated THP-1 cells were seeded on 12-well plates as described above, they were pretreated for 24 h with compounds and then incubated (1-h pulse, 4-h chase) with TMR- and biotin-conjugated dextran to load lysosomes and then fed IgG-coated fluorescent latex beads (30-min pulse, 2-h chase). Beads were recovered by cell disruption, the degree of bound fluorescent dextran was quantified by flow cytometry, and average geometric mean fluorescence was determined.



Superoxide and Reactive Oxygen Species (ROS) Production

For superoxide and reactive oxygen species (ROS) measurement, differentiated THP-1 were seeded on 96-well plates at a density 2 × 104 cells per well. After 24 h supernatants were removed from cells and cells were carefully washed, treated with alantolactone for 30 min and then infected with S. aureus for further 1 h. Generation of superoxide and total reactive oxygen species production in the real-time in live cells were quantified using a Cellular ROS/Superoxide kit. Detection Assays were performed according to the manufacturer’s instructions. Fluorescence was measured using BioTek Synergy 4 Plate Reader (CA, USA) at Ex = 488 nm, Em = 520 nm and Ex = 550 nm, Em = 610 nm for the detection of ROS and superoxide, respectively. Results were expressed as percentage of fluorescence intensity normalized to the fluorescence of the positive control (S. aureus-infected cells).



S. aureus Killing Assay


No Pre-Treated Differentiated THP-1 Cells

Differentiated THP-1 cells, seeded on 12-well plates as described above, were inoculated with S. aureus (MOI 1:1) for 1 h at 37°C, then washed with PBS twice, treated with 10 µg/mL lysostaphin for 30 min, washed with PBS twice and then treated for 24 h at 37°C with 0.5 µg/mL lysostaphin in the presence or absence of alantolactone or clarithromycin, as indicated. We serially diluted the suspension and plated 20 μL on TYE agar plates. Bacteria were counted after incubation at 37°C for 24 h and the amount was calculated as CFU (colony forming unit).



Pre-Treated Differentiated THP-1 Cells

Differentiated THP-1 cells were seeded as described above, they were pre-incubated with alantolactone or clarithromycin for 24 h at 37°C, then inoculated with S. aureus (MOI 1:1) for 12 h at 37°C, then washed with PBS twice, treated with 10 µg/mL lysostaphin for 30 min, washed with PBS twice and then treated for 24 h at 37°C with 0.5 µg/mL lysostaphin in the presence or absence of alantolactone or clarithromycin, as indicated. We serially diluted the suspension and plated 20 μL on TYE agar plates. Bacteria were counted after incubation at 37°C for 24 h and the amount was calculated as CFU (colony forming unit).




Pro- and Anti-Inflammatory Cytokine Production

Differentiated THP-1 cells were seeded on 12-well plates and infected with S. aureus (MOI 1:1). After 1 h, cells were treated with alantolactone or clarithromycin and cultured for 24 h. Subsequently, medium was collected and the amount of released cytokines was measured using the OptEIA™ Set (BD Biosciences, USA), which contains the components necessary to develop enzyme-linked immunosorbent assays (ELISA). The results were expressed as a percentage of the released protein compared to the S. aureus-stimulated control.



p65 NF-κB Concentration

Differentiated THP-1 cells were seeded on 12-well plates and infected with S. aureus (MOI 1:1). After 1 h, cells were treated with alantolactone or clarithromycin for 24 h. Cells were washed with ice-cold PBS, suspended in hypotonic buffer (20 mM HEPES, 5 mM NaF, 10 µM Na2MoO4, 0.1 mM EDTA) and left on ice for 15 min. Next, cells were centrifuged and supernatant (cytoplasmic fraction) was removed. The nuclear pellets were suspended in complete lysis buffer supplemented with protease inhibitor cocktail and left on ice for 30 min. Pellets were centrifuged for 10 min 2500 RPM and stored at -80°C for further analysis. The protein concentration was determined by using Bradford-based assay, following manufacturer’s protocol.

10 µg of nuclear fraction was incubated in 96-well plates pre-coated with immobilized oligonucleotide containing a consensus binding site for p65, following the manufacturer’s instructions (Active Motif, CA, USA). The nuclear fractions were incubated with the primary antibody (1:1000 dilution) for 1 h, washed 3 times with wash buffer provided by manufacturer and incubated with HRP-conjugated antibody (1:1000 dilution) for 1 h. After incubation, plate was washed 3 times, reaction was stopped by adding stop solution and concentration of NF-κB p65 was measured spectrophotometrically at 450 nm.



Statistical Analysis

The results were expressed as the mean ± SEM from three independent experiments assayed in triplicates. All analyses were performed using Statistica 13.1 software. GraphPad Prism (version 5.01) was used to plot data. The statistical significance of the differences between means was established by ANOVA with Dunnett’s post hoc test. P values below 0.05 were considered statistically significant.




Results


Alantolactone Suppresses S. aureus Growth

To validate the direct impact of alantolactone on S. aureus viability, growth inhibition zone (GIZ) was measured. The GIZ was visible for S. aureus treated with alantolactone and clarithromycin tested at 20 µM. GIZ was estimated to be 14 mm for alantolactone and 23 mm for clarithromycin. Minimal inhibitory concentration (MIC) was detectable only for clarithromycin and was estimated as 0.25 µg/mL (~ 0.36 µM). Obtained results were comparable with reference values present at EUCAST (The European Committee on Antimicrobial Susceptibility Testing).



Cytotoxicity

To evaluate cytotoxic effect of alantolactone, DAPI staining was performed. Alantolactone in concentrations up to 20 μM did not influence the viability of differentiated THP-1 cells after 24 h incubation (Figure 1B). At 20 µM, we noticed 13.67 ± 4.93% DAPI-positive cells, which expressed % of cells with damaged cellular membrane (dead and/or necrotic) (Figure 1) The IC50 concentration against tested cells may be estimated to be 38 µM. Clarithromycin tested at 20 µM induced 10,33 ± 2,52% DAPI-positive cells.



Alantolactone Stimulates S. aureus Uptake

The canonical immune response of macrophages to bacterial infection is phagocytosis. The effect of alantolactone on S. aureus uptake was most pronounced at the beginning of the treatment (approximately 2 times higher uptake compared to S. aureus treated cells at 15 min) (Figures 2, 3, 4 and Figure S3). The number of uptaken bacteria was alantolactone dose- dependent. After 1 h, the dynamics of phagocytosis changed and macrophages started to accumulate more bacteria than they were able to phagocyte (overaccumulation).




Figure 4 | The infection of THP-1 cells by S. aureus. Data show photographed controls (not infected cells) and S. aureus infected cells (15 min after infection). The blue marker—DAPI-labelled nucleus, the pink marker—Alexa 647 labelled-S. aureus.





Alantolactone Treatment Leads to Phagosome Acidification

Phagosomal pH of THP-1 cells was measured in the response to heat-killed S. aureus suspended in sodium azide. THP-1 cells were incubated with buffer solutions for the pH adjustment from 4 to 8 for intracellular calibration. We confirmed that treatment with alantolactone (up to 5 µM) strongly stimulates phagosomal acidification (p < 0.01) (Figure 5A). Similarly to uptake results, the level of acidification was dose-dependent. The pH of the highest alantolactone concentrations (10 and 20 µM) were comparable to pH of clarithromycin tested at 20 µM.




Figure 5 | The influence of alantolactone on (A) phagosomal pH and (B) phago-lysosome fusion. Statistical significance: *p < 0.05, **p < 0.01, ***p < 0.001 versus stimulated control (ANOVA and Dunnett’s post hoc test); control—non-stimulated control; S. aureus—S.aureus-stimulated control. # statistically significant (p < 0.001) versus non-stimulated control.





Alantolactone Treatment Intensifies Phago-Lysosome Fusion

Matured and acidified phagosomes fuse with lysosomes forming phagolysosomes. To exclude non-specific quenching of fluorescence, analysis was performed with S. aureus suspended in sodium azide, as described above. S. aureus infection increased the phago-lysosomes fusion (Figure 5B). Alantolactone at the highest concentrations (10 and 20 μM) stimulated phago-lysosomal fusion by about 30%.



Alantolactone Treatment Decreases Superoxide and Reactive Oxygen Species (ROS) Production

Stimulation of macrophages with S. aureus resulted in increased ROS production by these cells (Figures 6A, B). Alantolactone treatment resulted in the reduction of the oxidative stress. The drug in dose above 2.5 µM attenuated ROS production equally to clarithromycin at 20 µM. Summarizing, the suppression of ROS production by alantolactone may maintain phagocytic properties of macrophages (especially if the infection is at an early stage).




Figure 6 | The influence of alantolactone on (A) superoxide and (B) ROS production by S.aureus-stimulated THP-1 cells. Statistical significance: *p < 0.05, **p < 0.01, ***p < 0.001 versus stimulated control (ANOVA and Dunnett’s post hoc test); control—non-stimulated control; S. aureus—S.aureus-stimulated control. # statistically significant (p < 0.001) versus non-stimulated control.





Alantolactone Treatment Enhances Phagocytosis Efficiency

The evaluation of phagocytosis efficiency was performed on THP-1 cells infected with S. aureus, as described above. The measurement of CFU value was performed 24 h after starting treatment (Figures 7A, B). Obtained results clearly indicate that alantolactone significantly decreased CFU value at 12 h after the treatment onset, and the effect was maintained at the later time points (18 and 24 h after treatment). Clarithromycin significantly decreased CFU value, and biological effect was detectable earlier than for alantolactone (6 h after starting treatment).




Figure 7 | The effect of alantolactone on S. aureus phagocytosis efficiency performed by (A) THP-1 cells treated with alantolactone after infection (B) and THP-1 cells pretreated before infection and treated after infection. Statistical significance: *p < 0.05, **p < 0.01, ***p < 0.001 versus stimulated control (ANOVA and Dunnett’s post hoc test); S. aureus—S. aureus-stimulated control.





Alantolactone Modulates Cytokine Production and p65 NF-κB Concentration

The stimulation with S. aureus resulted in a statistically significant induction of cytokines and chemokines release. Alantolactone treatment resulted in a suppression of selected pro-inflammatory cytokines (TNF-α, IL-1β, IL-6, IL-8, and INF-α) production (Figure 8). For concentrations above 5 µM, production of mentioned cytokines was suppressed by alantolactone in dose-dependent manner. At 1 µM (the lowest tested concentration) alantolactone was able to suppress TNF-α and IL-6 with significance p < 0.001 for TNF-α and p < 0.05 for IL-6, respectively (Figures 8A, C). Importantly, our observations indicated that alantolactone tested at the concentration > 5 µM stimulated IL-12 production (Figure 8G). Alantolactone also stimulated the production of anti-inflammatory cytokines IL-10, but only at the highest concentration (20 µM); moreover, it increased TGF-β release at the concentration > 2.5 µM (Figures 8E, F).




Figure 8 | The influence of alantolactone on the pro- and anti-inflammatory cytokines production by THP-1 cells (A–H) Statistical significance: *p < 0.05, **p < 0.01, ***p < 0.001 versus stimulated control (ANOVA and Dunnett’s post hoc test); control—non-stimulated control; S. aureus—S. aureus-stimulated control. # statistically significant (p < 0.001) versus non-stimulated control.



Clarithromycin at the concentration of 20 μM suppressed TNF-α, IL-1β, IL-6, and INF-α production (p < 0.001) and IL-8 production (p < 0.01) (in comparison to stimulated control 100% of release). Additionally, clarithromycin enhanced production of IL-10 and TGF-β (Figures 8E, F), and observed effect was comparable to alantolactone tested at 20 µM. These observations indicate the potential anti-inflammatory properties of clarithromycin (mainly known as drug with strong anti-microbial properties).

Evaluation of p65 NF-κB concentration explains the molecular mechanism responsible for previously observed cytokine concentration changes. Our data show that alantolactone at the concentration above 5 µM significantly decreased p65 production (p < 0.001) (Figure 9). Similarly, clarithromycin tested at 20 µM significantly inhibited p65 production, and final effect was comparable to alantolactone tested at 5 µM.




Figure 9 | The influence of alantolactone on p65 NF-κB concentration after S. aureus infection. Statistical significance: *p < 0.05, **p < 0.01, ***p < 0.001 versus stimulated control (ANOVA and Dunnett’s post hoc test); control—non-stimulated control; S. aureus—S. aureus-stimulated control. # statistically significant (p < 0.001) versus non-stimulated control.



A graphical summary of our results is shown in Figure 10.




Figure 10 | Scheme of alantolactone influence on macrophage immunomodulatory and inflammatory properties (A, B).






Discussion

The immunomodulatory characteristics of plant-based therapeutics have gathered the attention of researchers. Innovative technologies and the excessive research on immunomodulatory natural products, plants, their extracts, and their active moieties with immunomodulatory potential, have provided valuable entities to develop novel immunomodulatory agents to supplement the present therapies. The immunomodulatory properties of phagocytes can be enhanced pharmacologically (Xu et al., 1996).

Many plant-derived medications (plant extracts, compounds) show immunomodulatory, anti-inflammatory and anti-microbial properties, thus can be considered as promising and novel anti-S. aureus compounds. An example of plant with documented anti-S. aureus activity is Inula helenium L. (Asteraceae) (O’Shea et al., 2009). Root of I. helenium was used in the traditional medicine to treat bacteria-induced respiratory tract infections (Gierlikowska et al., 2020). I. helenium extract relieves symptoms of bronchial and throat infection, bronchitis, catarrh and colds (Ivancheva and Stantcheva, 2000; Leporatti and Ivancheva, 2003; Jarić et al., 2015). It also has an antitussive effect and aids coughing up of mucus (Seca et al., 2014; Shikov et al., 2014; Pranskuniene et al., 2018).

The phytochemical analysis clearly indicated alantolactone as a dominant compound in the plant material (alantolactone, 52.4%) (Bourrel et al., 1993). According to the records of the European and China Pharmacopoeia (Wang et al., 2017), alantolactone possesses a wide range of biological properties, such as anti-inflammatory, antibacterial, antifungal and immunomodulatory activities. Chemically, alantolactone belongs to sesquiterpene lactones including the α-methylene-γ-lactone group, which may potentially predispose to delayed hypersensitivity (Dupuis et al., 1980; Warshaw and Zug, 1996), but also exerts strong anti-inflammatory effects by interaction with NF-κB transcription factor (Siedle et al., 2004). Chun et al. reported the anti-inflammatory properties of alantolactone and proved that alantolactone at 10 µM suppresses inducible nitric oxide and cyclooxygenase 2 (COX-2) expression by down-regulating mitogen-activated protein kinase (MAPK), NF-κB and activator protein 1 (AP-1) in LPS-stimulated RAW 264.7 cells (Chun et al., 2012). Lim et al. (2015) reported that alantolacone at 5 µM down-regulates STAT1 signaling in TNF-α and IFN-γ-stimulated cells. The STATs regulate various aspects of growth, survival, and differentiation in cells (Dai et al., 2006). Some studies demonstrated that STAT proteins are involved in the development and function of the immune system and play a role in maintaining immune tolerance (Dai et al., 2008). Chun et al. (2015) highlighted the ability of alantolactone to inhibit STAT3, which makes this compound a potential therapeutic agent against breast cancer.

Although alantolactone has well-documented anti-inflammatory properties, it was unknown how it regulates immunomodulatory functions of phagocytes. To answer this question, we used a standard THP-1 cell line, infected with S. aureus and then treated with alantolactone. Our main findings explain how alantolactone influences molecular mechanisms involved in phagocytosis.

We confirmed that at low micromolar concentrations (1–20 µM) alantolactone intensifies uptake of S. aureus. The effect was the most pronounced especially at the beginning of the observation (approximately 2 times higher uptake compared to S. aureus treated cells at 15 min). The prolonged infection time (over 1 h) may lead to overaccumulation of S. aureus inside of macrophages and impairment of phagocytic properties of macrophages. The literature confirms the paralysis of the phagocytosis in the prolonged infection. According to Jubrail et al. (2016) at low MOI (closely related to the beginning of infection) macrophages can kill almost all ingested S. aureus, but the capacity to up-regulate killing is decreased as the bacterial load grows. Moreover, some intracellular bacteria may develop the potential to survive inside macrophages (Ibarra and Steele-Mortimer, 2009; Pumerantz et al., 2011). Thus, the pharmacological enhancement of uptake of S. aureus at the early time point (15 min) may significantly accelerate redirecting pathogens to phagolysosomes to remove them successfully.

Additionally, we observed that alantolactone treatment leads to acidification of phagosomes. In macrophages, in which phagosome acidification is impaired, the response to S. aureus can be significantly limited (Ip et al., 2010). Taken together, these observations delineate the inter-dependence of phagocytosis with pH of phagosomes and suggest that therapeutics augmenting functions and biochemical properties of phagosomes may be useful in increasing host response to S. aureus.

It is worth emphasizing that the phagosomal pH changes in response to both dead (heat-killed, as we tested) (Renna et al., 2011) and alive bacteria (Jubrail et al., 2016). However, for scientific purposes heat-killed are recommended. Accurate measurement of phagosomal pH is challenging, mainly due to the myeloperoxidase (MPO) production by phagocytes (Sugiyama et al., 2001). The respiratory burst produces H2O2, which reacts with MPO and chloride anions form hypochlorous acid (Takeshita et al., 2006). The chlorination of compounds results in a quenching of fluorescence as well as a shift in their spectral properties, giving a false indication of acidification (Hurst et al., 1984). This unwanted effect can be avoided by inhibiting MPO directly with sodium azide (Nauseef et al., 1983), as we did (see Materials and Methods: Staphylococcus aureus culture).

Our next finding was that alantolactone stimulates phagolysosome formation/fusion. The phagolysosome formation is crucial for further intracellular pathogen killing and successful clearance (Jordao et al., 2008; Clarke and Weiser, 2011). Thus, pharmacological stimulation of this process (by alantolactone or other compound/s) may potentially enhance the phagocytosis efficiency. The obtained finding is strengthened by the knowledge, that S.aureus possesses diverse mechanisms, allowing avoidance of destruction in phagolysosomes (Staali et al., 2006).

Although alantolactone inhibits ROS production inside the phagosomes and phagolysosomes, it does not decrease the final phagocytosis efficiency. ROS functions are clearly concentration-dependent (Radak et al., 2013). Low amounts of ROS are essential for activation of molecular pathways responsible for intracellular microbial killing (Dupré-Crochet et al., 2013). However, the excessive amounts of ROS lead to oxidative stress and damage of phagocytic functions of immune cells, as well as surrounding host’s tissues. The antioxidants of immune cells play a pivotal role in the protection against oxidative stress and therefore preserving their adequate functions. Thus, decrease of ROS amounts during bacterial infection may potentially protect phagocytes, with their phagocytic functions, and other host’s tissues from dysfunction (Chakraborty et al., 2012).

Signal transduction by ROS often takes place on a subcellular scale over periods of seconds or minutes, thus in our experimental variant (1 h after infection) decrease of ROS is consistent with previous observations (Wu et al., 2012) and prognoses the appropriate function of ROS. Thus, attenuation of over-production of oxygen species may increase phagocytosis and in consequence decrease bacterial viability.

When macrophages are exposed to bacterial infection, they secrete a wide spectrum of pro- and anti-inflammatory cytokines. Cytokines are multi-functional signaling molecules, which play a crucial role during infection and inflammation progression. Cytokines modulate phagocytic functions of immune cells, thus the appropriate cytokine concentration may enhance pathogen eradication and decrease morbidity and/or mortality (Hübel et al., 2002). Recent data indicate that the low amounts of TNF-α and IL-1β increase phagocytes chemotaxis, enable intracellular phagosome maturation and stimulate phagolysosome formation, necessary for final intracellular killing (Kaufmann and Dorhoi, 2016). Also, TNF-α, IL-1β, IL-6, IL-8 may activate oxidative and non-oxidative metabolic responses of immune cells to pathogens (Seider et al., 2011). Wahl et al. documented enhancement of phagolysosome degradative properties by INFs and TGF-β (Wahl et al., 2004). It is known that cytokines promote adequate immune response, but prolonged cytokines production by leukocytes and damaged tissues may exacerbate inflammation, leading to cytokine storm. The side effects arise from excessive leukocyte chemotaxis and over-stimulation of their pro-inflammatory and immunomodulatory functions.

Our findings indicate that alantolactone significantly modulates cytokines production via p65 NF-κB suppression. Based on our experiments performed on a simplified in vitro model, we can speculate that alantolactone at early phase of infection may potentially decrease chemotaxis of leukocytes, but, on the other hand, phagocytes are very sensitive to cytokines released to bloodstream, thus even small amounts of secreted cytokines may activate adequate immune response. Stimulation of IL-10 and TGF-β during development of inflammation is beneficial for homeostasis, as both cytokines stimulate macrophages migration and clearance of apoptotic neutrophils, pathogens and damaged tissues, contributing to the effective counterbalance of inflammation.

Comparing the activity of alantolactone with clarithromycin, it is worth to emphasize the promising competitiveness of phytotherapy. The searching of a new biological properties of plant-derived compounds has been experiencing a renaissance in recent years (Bocanegra-García et al., 2009). The differences between phagocytosis modulated by clarithromycin- and alantolactone-treated cells can be explained by the fact, that clarithromycin can be accumulated in phagocytic cells and possesses significant intracellular bactericidal activity for a long time. In contrast to clarithromycin, alantolactone is poorly absorbed by the cells (Zhou et al., 2018). Thus, it is more probable, that the observed effect for alantolactone is a consequence of modulation of the phagocytic functions of the cells, not of the direct effect of compound on bacteria.

Sesquiterpene lactones are potent NF-κB inhibitors, which determines their anti-inflammatory properties, but so far, they are not classified as immunomodulators. Till now, there was no data regarding modulation of phagocytosis by sesquiterpene lactones. Among known plant-derived compounds, some were identified as potential immunomodulators, including flavonoids, alkaloids, diterpenoids, polysaccharides and glycosides. Examples of plant-derived compounds, which have exhibited potent effects on cellular and humoral immune functions in pre-clinical investigations, are curcumin, resveratrol, quercetin, colchicine, capsaicin, andrographolide, genistein and artemisinin (Jantan et al., 2015).

To conclude, it becomes obvious that alantolactone exerts immunomodulatory and anti-inflammatory effect via multiple pathways. Alantolactone enhances phagocytosis, one of the main components of innate immune response, and simultaneously modulates p65 NF-κB activation affecting pro- and anti-inflammatory cytokine production involved in phagolysosome formation. We postulate that such additive pharmacodynamic effects can be beneficial for the patients with the S. aureus infections.



Data Availability Statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation, to any qualified researcher.



Author Contributions

BG conceived the study and obtained financial support. BG and WG performed the biological experiments, evaluated data and drafted the manuscript. UD critically revised the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This research was partially financed by The European Union’s Erasmus+ programme and Willmar Schwabe Research Scholarship for Young Scientists 2018 by the Society for Medicinal Plant and Natural Product Research (GA).



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphar.2020.01339/full#supplementary-material



Abbreviations

ROS, Reactive Oxygen Spices; SO, Superoxide; CFU, colony forming unit; MOI, multiplicity of infection; NF-κB, nuclear factor kappa-light-chain-enhancer of activated B cells; TNFα, tumor necrosis alpha; IL-6, interleukin 6; IL-8, interleukin 8; IL-1β, interleukin 1β; IL-10, interleukin 10; IL-12, interleukin 12; TGF-β, transforming growth factor beta, INF-α, interferon alfa; PMA, Phorbol 12-myristate 13-acetate; DMSO, dimethyl sulfoxide; FCS, fetal calf serum; PBS, phosphate buffered saline.



References

 Aberdein, J., Cole, J., Bewley, M., Marriott, H., and Dockrell, D. (2013). Alveolar macrophages in pulmonary host defence–the unrecognized role of apoptosis as a mechanism of intracellular bacterial killing. Clin. Exp. Immunol. 174 (2), 193–202.

 Aderem, A. (2003). Phagocytosis and the inflammatory response. J. Infect. Dis. 187 (Suppl 2), S340–S345. doi: 10.1086/374747

 Bocanegra-García, V., Del Rayo Camacho-Corona, M., Ramírez-Cabrera, M., Rivera, G., and Garza-González, E. (2009). The bioactivity of plant extracts against representative bacterial pathogens of the lower respiratory tract. BMC Res. Notes 2, 95. doi: 10.1186/1756-0500-2-95

 Bourrel, C., Vilarem, G., and Perineau, F. (1993). Chemical analysis, bacteriostatic and fungistatic properties of the essential oil of elecampane (Inula helenium L.). J. Essent. Oil Res. 5 (4), 411–417.

 Cervin, A., Wallwork, B., Mackay-Sim, A., Coman, W. B., and Greiff, L. (2009). Effects of long-term clarithromycin treatment on lavage-fluid markers of inflammation in chronic rhinosinusitis. Clin. Physiol. Funct. Imaging 29 (2), 136–142. doi: 10.1111/j.1475-097X.2008.00848.x

 Chakraborty, S. P., Mahapatra, S. K., and Roy, S. (2012). In vitro time-dependent vancomycin-resistant Staphylococcus aureus-induced free radical generation and status of antioxidant enzymes in murine peritoneal macrophage. Toxicol. Mech. Methods 22 (1), 9–22. doi: 10.3109/15376516.2011.583296

 Chun, J., Choi, R. J., Khan, S., Lee, D.-S., Kim, Y.-C., Nam, Y.-J., et al. (2012). Alantolactone suppresses inducible nitric oxide synthase and cyclooxygenase-2 expression by down-regulating NF-κB, MAPK and AP-1 via the MyD88 signaling pathway in LPS-activated RAW 264.7 cells. Int. Immunopharmacol. 14 (4), 375–383. doi: 10.1016/j.intimp.2012.08.011

 Chun, J., Li, R.-J., Cheng, M.-S., and Kim, Y. S. (2015). Alantolactone selectively suppresses STAT3 activation and exhibits potent anticancer activity in MDA-MB-231 cells. Cancer Lett. 357 (1), 393–403. doi: 10.1016/j.canlet.2014.11.049

 Cicchese, J. M., Evans, S., Hult, C., Joslyn, L. R., Wessler, T., Millar, J. A., et al. (2018). Dynamic balance of pro- and anti-inflammatory signals controls disease and limits pathology. Immunol. Rev. 285 (1), 147–167. doi: 10.1111/imr.12671

 Clarke, T. B., and Weiser, J. N. (2011). Intracellular sensors of extracellular bacteria. Immunol. Rev. 243 (1), 9–25. doi: 10.1111/j.1600-065X.2011.01039.x

 Clemens, D. L., and Horwitz, M. A. (1995). Characterization of the Mycobacterium tuberculosis phagosome and evidence that phagosomal maturation is inhibited. J. Exp. Med. 181 (1), 257–270. doi: 10.1084/jem.181.1.257

 Dai, X., Sayama, K., Yamasaki, K., Tohyama, M., Shirakata, Y., Hanakawa, Y., et al. (2006). SOCS1-negative feedback of STAT1 activation is a key pathway in the dsRNA-induced innate immune response of human keratinocytes. J. Invest. Dermatol. 126 (7), 1574–1581. doi: 10.1038/sj.jid.5700294

 Dai, X., Sayama, K., Tohyama, M., Shirakata, Y., Yang, L., Hirakawa, S., et al. (2008). The NF-kappaB, p38 MAPK and STAT1 pathways differentially regulate the dsRNA-mediated innate immune responses of epidermal keratinocytes. Int. Immunol. 20 (7), 901–909. doi: 10.1093/intimm/dxn048

 Di, A., Brown, M. E., Deriy, L. V., Li, C., Szeto, F. L., Chen, Y., et al. (2006). CFTR regulates phagosome acidification in macrophages and alters bactericidal activity. Nat. Cell Biol. 8 (9), 933–944. doi: 10.1038/ncb1456

 Dupré-Crochet, S., Erard, M., and Nüβe, O. (2013). ROS production in phagocytes: why, when, and where? J. Leukoc. Biol. 94 (4), 657–670. doi: 10.1189/jlb.1012544

 Dupuis, G., Benezra, C., Schlewer, G., and Stampf, J. L. (1980). Allergic contact dermatitis to alpha-methylene-gamma-butyrolactones. Preparation of alantolactone-protein conjugates and induction of contact sensitivity in the guinea pig by an alantolactone-skin protein conjugate. Mol. Immunol. 17 (8), 1045–1051. doi: 10.1016/0161-5890(80)90099-1

 Fairn, G. D., and Grinstein, S. (2012). How nascent phagosomes mature to become phagolysosomes. Trends Immunol. 33 (8), 397–405. doi: 10.1016/j.it.2012.03.003

 Fietta, A., Merlini, C., and Gialdroni Grassi, G. (1997). Inhibition of intracellular growth of Staphylococcus aureus by exposure of infected human monocytes to clarithromycin and azithromycin. J. Chemother. 9 (1), 17–22. doi: 10.1179/joc.1997.9.1.17

 Flannagan, R. S., Jaumouillé, V., and Grinstein, S. (2012). The cell biology of phagocytosis. Annu. Rev. Pathol. 7, 61–98. doi: 10.1146/annurev-pathol-011811-132445

 Flannagan, R. S., Heit, B., and Heinrichs, D. E. (2015). Antimicrobial Mechanisms of Macrophages and the Immune Evasion Strategies of Staphylococcus aureus. Pathog. (Basel Switzerland) 4 (4), 826–868. doi: 10.3390/pathogens4040826

 Francis, D., and Kuyyalil, S. (2018). Immunogenicity and protective efficacy of recombinant alkaline shock protein 23 from Staphylococcus aureus in a murine model. Cent. Eur. J. Immunol. 43 (4), 371–377. doi: 10.5114/ceji.2018.81348

 Gierlikowska, B., Gierlikowski, W., Bekier, K., Skalicka-Woźniak, K., Czerwińska, M. E., and Kiss, A. K. (2020). Inula helenium and Grindelia squarrosa as a source of compounds with anti-inflammatory activity in human neutrophils and cultured human respiratory epithelium. J. Ethnopharmacol. 249, 112311. doi: 10.1016/j.jep.2019.112311

 Gonzalez, B. E., Martinez-Aguilar, G., Hulten, K. G., Hammerman, W. A., Coss-Bu, J., Avalos-Mishaan, A., et al. (2005). Severe Staphylococcal sepsis in adolescents in the era of community-acquired methicillin-resistant Staphylococcus aureus. Pediatrics 115 (3), 642–648. doi: 10.1542/peds.2004-2300

 Hancock, R. E., Nijnik, A., and Philpott, D. J. (2012). Modulating immunity as a therapy for bacterial infections. Nat. Rev. Microbiol. 10 (4), 243–254. doi: 10.1038/nrmicro2745

 Hayden, M. S., West, A. P., and Ghosh, S. (2006). NF-kappaB and the immune response. Oncogene 25 (51), 6758–6780. doi: 10.1038/sj.onc.1209943

 Hübel, K., Dale, D. C., and Liles, W. C. (2002). Therapeutic use of cytokines to modulate phagocyte function for the treatment of infectious diseases: current status of granulocyte colony-stimulating factor, granulocyte-macrophage colony-stimulating factor, macrophage colony-stimulating factor, and interferon-gamma. J. Infect. Dis. 185 (10), 1490–1501. doi: 10.1086/340221

 Hurst, J. K., Albrich, J. M., Green, T. R., Rosen, H., and Klebanoff, S. (1984). Myeloperoxidase-dependent fluorescein chlorination by stimulated neutrophils. J. Biol. Chem. 259 (8), 4812–4821.

 Ibarra, J. A., and Steele-Mortimer, O. (2009). Salmonella–the ultimate insider. Salmonella virulence factors that modulate intracellular survival. Cell Microbiol. 11 (11), 1579–1586. doi: 10.1111/j.1462-5822.2009.01368.x

 Ip, W. K., Sokolovska, A., Charriere, G. M., Boyer, L., Dejardin, S., Cappillino, M. P., et al. (2010). Phagocytosis and phagosome acidification are required for pathogen processing and MyD88-dependent responses to Staphylococcus aureus. J. Immunol. 184 (12), 7071–7081. doi: 10.4049/jimmunol.1000110

 Ivancheva, S., and Stantcheva, B. (2000). Ethnobotanical inventory of medicinal plants in Bulgaria. J. Ethnopharmacol. 69 (2), 165–172. doi: 10.1016/s0378-8741(99)00129-4

 Jantan, I., Ahmad, W., and Bukhari, S. N. (2015). Plant-derived immunomodulators: an insight on their preclinical evaluation and clinical trials. Front. Plant Sci. 6, 655. doi: 10.3389/fpls.2015.00655

 Jarić, S., Mačukanović-Jocić, M., Djurdjević, L., Mitrović, M., Kostić, O., Karadžić, B., et al. (2015). An ethnobotanical survey of traditionally used plants on Suva planina mountain (south-eastern Serbia). J. Ethnopharmacol. 175, 93–108. doi: 10.1016/j.jep.2015.09.002

 Jordao, L., Bleck, C. K., Mayorga, L., Griffiths, G., and Anes, E. (2008). On the killing of mycobacteria by macrophages. Cell Microbiol. 10 (2), 529–548. doi: 10.1111/j.1462-5822.2007.01067.x

 Jubrail, J., Morris, P., Bewley, M. A., Stoneham, S., Johnston, S. A., Foster, S. J., et al. (2016). Inability to sustain intraphagolysosomal killing of Staphylococcus aureus predisposes to bacterial persistence in macrophages. Cell Microbiol. 18 (1), 80–96. doi: 10.1111/cmi.12485

 Kaufmann, S. H. E., and Dorhoi, A. (2016). Molecular Determinants in Phagocyte-Bacteria Interactions. Immunity 44 (3), 476–491. doi: 10.1016/j.immuni.2016.02.014

 Kim, M., Song, K., and Kim, Y. S. (2017). Alantolactone Improves Prolonged Exposure of Interleukin-6-Induced Skeletal Muscle Inflammation Associated Glucose Intolerance and Insulin Resistance. Front. Pharmacol. 8, 405. doi: 10.3389/fphar.2017.00405

 Labandeira-Rey, M., Couzon, F., Boisset, S., Brown, E. L., Bes, M., Benito, Y., et al. (2007). Staphylococcus aureus Panton-Valentine leukocidin causes necrotizing pneumonia. Science 315 (5815), 1130–1133. doi: 10.1126/science.1137165

 Leporatti, M. L., and Ivancheva, S. (2003). Preliminary comparative analysis of medicinal plants used in the traditional medicine of Bulgaria and Italy. J. Ethnopharmacol. 87 (2-3), 123–142. doi: 10.1016/s0378-8741(03)00047-3

 Lim, H. S., Jin, S. E., Kim, O. S., Shin, H. K., and Jeong, S. J. (2015). Alantolactone from Saussurea lappa Exerts Antiinflammatory Effects by Inhibiting Chemokine Production and STAT1 Phosphorylation in TNF-α and IFN-γ-induced in HaCaT cells. Phytother. Res. 29 (7), 1088–1096. doi: 10.1002/ptr.5354

 Mediavilla, J. R., Chen, L., Mathema, B., and Kreiswirth, B. N. (2012). Global epidemiology of community-associated methicillin resistant Staphylococcus aureus (CA-MRSA). Curr. Opin. Microbiol. 15 (5), 588–595. doi: 10.1016/j.mib.2012.08.003

 Nauseef, W. M., Metcalf, J. A., and Root, R. K. (1983). Role of myeloperoxidase in the respiratory burst of human neutrophils. Blood 61 (3), 483–492.

 Nimmo, G. R. (2012). USA300 abroad: global spread of a virulent strain of community-associated methicillin-resistant Staphylococcus aureus. Clin. Microbiol. Infect. 18 (8), 725–734. doi: 10.1111/j.1469-0691.2012.03822.x

 O’Shea, S., Lucey, B., and Cotter, L. (2009). In vitro activity of Inula helenium against clinical Staphylococcus aureus strains including MRSA. Br. J. BioMed. Sci. 66 (4), 186–189. doi: 10.1080/09674845.2009.11730271

 Pitt, A., Mayorga, L. S., Stahl, P. D., and Schwartz, A. L. (1992). Alterations in the protein composition of maturing phagosomes. J. Clin. Invest. 90 (5), 1978–1983. doi: 10.1172/jci116077

 Pospíšil, P., Prasad, A., and Rác, M. (2019). Mechanism of the Formation of Electronically Excited Species by Oxidative Metabolic Processes: Role of Reactive Oxygen Species. Biomolecules 9 (7), 258. doi: 10.3390/biom9070258

 Pranskuniene, Z., Dauliute, R., Pranskunas, A., and Bernatoniene, J. (2018). Ethnopharmaceutical knowledge in Samogitia region of Lithuania: where old traditions overlap with modern medicine. J. Ethnobiol. Ethnomed. 14 (1), 70. doi: 10.1186/s13002-018-0268-x

 Pumerantz, A., Muppidi, K., Agnihotri, S., Guerra, C., Venketaraman, V., Wang, J., et al. (2011). Preparation of liposomal vancomycin and intracellular killing of meticillin-resistant Staphylococcus aureus (MRSA). Int. J. Antimicrob. Agents 37 (2), 140–144. doi: 10.1016/j.ijantimicag.2010.10.011

 Radak, Z., Zhao, Z., Koltai, E., Ohno, H., and Atalay, M. (2013). Oxygen consumption and usage during physical exercise: the balance between oxidative stress and ROS-dependent adaptive signaling. Antioxid. Redox Signal 18 (10), 1208–1246. doi: 10.1089/ars.2011.4498

 Renna, M., Schaffner, C., Brown, K., Shang, S., Tamayo, M. H., Hegyi, K., et al. (2011). Azithromycin blocks autophagy and may predispose cystic fibrosis patients to mycobacterial infection. J. Clin. Invest. 121 (9), 3554–3563. doi: 10.1172/jci46095

 Saavedra-Lozano, J., Mejías, A., Ahmad, N., Peromingo, E., Ardura, M. I., Guillen, S., et al. (2008). Changing trends in acute osteomyelitis in children: impact of methicillin-resistant Staphylococcus aureus infections. J. Pediatr. Orthop. 28 (5), 569–575. doi: 10.1097/BPO.0b013e31817bb816

 Schorey, J. S., and Cooper, A. M. (2003). Macrophage signalling upon mycobacterial infection: the MAP kinases lead the way. Cell Microbiol. 5 (3), 133–142. doi: 10.1046/j.1462-5822.2003.00263.x

 Seca, A. M., Grigore, A., Pinto, D. C., and Silva, A. M. (2014). The genus Inula and their metabolites: from ethnopharmacological to medicinal uses. J. Ethnopharmacol. 154 (2), 286–310. doi: 10.1016/j.jep.2014.04.010

 Seider, K., Brunke, S., Schild, L., Jablonowski, N., Wilson, D., Majer, O., et al. (2011). The facultative intracellular pathogen Candida glabrata subverts macrophage cytokine production and phagolysosome maturation. J. Immunol. 187 (6), 3072–3086. doi: 10.4049/jimmunol.1003730

 Shikov, A. N., Pozharitskaya, O. N., Makarov, V. G., Wagner, H., Verpoorte, R., and Heinrich, M. (2014). Medicinal plants of the Russian Pharmacopoeia; their history and applications. J. Ethnopharmacol. 154 (3), 481–536. doi: 10.1016/j.jep.2014.04.007

 Siedle, B., García-Piñeres, A. J., Murillo, R., Schulte-Mönting, J., Castro, V., Rüngeler, P., et al. (2004). Quantitative structure-activity relationship of sesquiterpene lactones as inhibitors of the transcription factor NF-kappaB. J. Med. Chem. 47 (24), 6042–6054. doi: 10.1021/jm049937r

 Simpson, J. L., Powell, H., Boyle, M. J., Scott, R. J., and Gibson, P. G. (2008). Clarithromycin targets neutrophilic airway inflammation in refractory asthma. Am. J. Respir. Crit. Care Med. 177 (2), 148–155. doi: 10.1164/rccm.200707-1134OC

 Spaan, A. N., Surewaard, B. G., Nijland, R., and van Strijp, J. A. (2013). Neutrophils versus Staphylococcus aureus: a biological tug of war. Annu. Rev. Microbiol. 67, 629–650. doi: 10.1146/annurev-micro-092412-155746

 Staali, L., Bauer, S., Mörgelin, M., Björck, L., and Tapper, H. (2006). Streptococcus pyogenes bacteria modulate membrane traffic in human neutrophils and selectively inhibit azurophilic granule fusion with phagosomes. Cell Microbiol. 8 (4), 690–703. doi: 10.1111/j.1462-5822.2005.00662.x

 Stojanović-Radić, Z., Comić, L., Radulović, N., Blagojević, P., Denić, M., Miltojević, A., et al. (2012). Antistaphylococcal activity of Inula helenium L. root essential oil: eudesmane sesquiterpene lactones induce cell membrane damage. Eur. J. Clin. Microbiol. Infect. Dis. 31 (6), 1015–1025. doi: 10.1007/s10096-011-1400-1

 Sturgill-Koszycki, S., Schlesinger, P. H., Chakraborty, P., Haddix, P. L., Collins, H. L., Fok, A. K., et al. (1994). Lack of acidification in Mycobacterium phagosomes produced by exclusion of the vesicular proton-ATPase. Science 263 (5147), 678–681. doi: 10.1126/science.8303277

 Sugiyama, S., Okada, Y., Sukhova, G. K., Virmani, R., Heinecke, J. W., and Libby, P. (2001). Macrophage myeloperoxidase regulation by granulocyte macrophage colony-stimulating factor in human atherosclerosis and implications in acute coronary syndromes. Am. J. Pathol. 158 (3), 879–891. doi: 10.1016/s0002-9440(10)64036-9

 Sur, L. M., Sur, G., Samasca, G., and Lupan, I. (2019). Investigations of cellular immunity in juvenile idiopathic arthritis. Cent. Eur. J. Immunol. 44 (1), 92–96. doi: 10.5114/ceji.2019.83615

 Takeshita, J., Byun, J., Nhan, T. Q., Pritchard, D. K., Pennathur, S., Schwartz, S. M., et al. (2006). Myeloperoxidase generates 5-chlorouracil in human atherosclerotic tissue: a potential pathway for somatic mutagenesis by macrophages. J. Biol. Chem. 281 (6), 3096–3104. doi: 10.1074/jbc.M509236200

 Tauber, A. I. (2003). Metchnikoff and the phagocytosis theory. Nat. Rev. Mol. Cell Biol. 4 (11), 897–901. doi: 10.1038/nrm1244

 Ullrich, H. J., Beatty, W. L., and Russell, D. G. (1999). Direct delivery of procathepsin D to phagosomes: implications for phagosome biogenesis and parasitism by Mycobacterium. Eur. J. Cell Biol. 78 (10), 739–748. doi: 10.1016/s0171-9335(99)80042-9

 Wahl, S. M., Swisher, J., McCartney-Francis, N., and Chen, W. (2004). TGF-beta: the perpetrator of immune suppression by regulatory T cells and suicidal T cells. J. Leukoc. Biol. 76 (1), 15–24. doi: 10.1189/jlb.1103539

 Wang, X., Yu, Z., Wang, C., Cheng, W., Tian, X., Huo, X., et al. (2017). Alantolactone, a natural sesquiterpene lactone, has potent antitumor activity against glioblastoma by targeting IKKβ kinase activity and interrupting NF-κB/COX-2-mediated signaling cascades. J. Exp. Clin. Cancer Res. 36 (1), 93. doi: 10.1186/s13046-017-0563-8

 Warshaw, E. M., and Zug, K. A. (1996). Sesquiterpene lactone allergy. Am. J. Contact Dermat. 7 (1), 1–23. doi: 10.1016/s1046-199x(96)90028-7

 Watts, J., Shryock, T., Apley, M., Bade, D., Brown, S., Gray, J., et al. (2008). Performance standards for antimicrobial disk and dilution susceptibility tests for bacteria isolated from animals: approved standard. (Clinical Lab Standards Institute).

 Wu, Y., Zhai, H., Wang, Y., Li, L., Wu, J., Wang, F., et al. (2012). Aspirin-triggered lipoxin A₄ attenuates lipopolysaccharide-induced intracellular ROS in BV2 microglia cells by inhibiting the function of NADPH oxidase. Neurochem. Res. 37 (8), 1690–1696. doi: 10.1007/s11064-012-0776-3

 Xu, G., Fujita, J., Negayama, K., Yuube, K., Hojo, S., Yamaji, Y., et al. (1996). Effect of macrolide antibiotics on macrophage functions. Microbiol. Immunol. 40 (7), 473–479. doi: 10.1111/j.1348-0421.1996.tb01097.x

 Zhai, W., Wu, F., Zhang, Y., Fu, Y., and Liu, Z. (2019). The Immune Escape Mechanisms of Mycobacterium Tuberculosis. Int. J. Mol. Sci. 20 (2), 1–18. doi: 10.3390/ijms20020340

 Zhou, B., Ye, J., Yang, N., Chen, L., Zhuo, Z., Mao, L., et al. (2018). Metabolism and pharmacokinetics of alantolactone and isoalantolactone in rats: Thiol conjugation as a potential metabolic pathway. J. Chromatogr. B. Analyt. Technol. BioMed. Life Sci. 1072, 370–378. doi: 10.1016/j.jchromb.2017.11.039



Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Gierlikowska, Gierlikowski and Demkow. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




ORIGINAL RESEARCH

published: 23 September 2020

doi: 10.3389/fphar.2020.581470

[image: image2]


Targeting Oxidative Stress Reduction and Inhibition of HDAC1, MECP2, and NF-kB Pathways in Rats With Experimentally Induced Hyperglycemia by Administration of Thymus marshallianus Willd. Extracts


Alexandra C. Sevastre-Berghian 1†, Irina Ielciu 2†, Andrei Otto Mitre 1, Gabriela A. Filip 1*, Ilioara Oniga 3, Laurian Vlase 4, Daniela Benedec 3, Ana-Maria Gheldiu 2, Vlad A. Toma 5,6,7, Bianca Mihart 1, Andra Mihuţ 1, Ioana Bâldea 1, Diana Olteanu 1, Irina C. Chis 1*, Simona V. Clichici 1 and Daniela Hanganu 3


1 Department of Physiology, Faculty of Medicine, “Iuliu Haţieganu” University of Medicine and Pharmacy, Cluj-Napoca, Romania, 2 Department of Pharmaceutical Botany, Faculty of Pharmacy, “Iuliu Haţieganu” University of Medicine and Pharmacy, Cluj-Napoca, Romania, 3 Department of Pharmacognosy, Faculty of Pharmacy, “Iuliu Haţieganu” University of Medicine and Pharmacy, Cluj-Napoca, Romania, 4 Department of Pharmaceutical Technology and Biopharmacy, “Iuliu Haţieganu” University of Medicine and Pharmacy, Cluj-Napoca, Romania, 5 Department of Molecular Biology and Biotechnology, Faculty of Biology and Geology, Babeş-Bolyai University, Cluj-Napoca, Romania, 6 Department of Biochemistry and Experimental Biology, Institute of Biological Research, Cluj-Napoca, Romania, 7 Department of Molecular and Biomolecular Physics, NIRD for Isotopic and Molecular Technologies, Cluj-Napoca, Romania




Edited by: 
Marina Sokovic, University of Belgrade, Serbia

Reviewed by: 
Tatjana Kundaković-Vasović, University of Belgrade, Serbia

Filipa S. Reis, Centro de Investigação de Montanha (CIMO), Portugal

*Correspondence: 
Gabriela A. Filip
 gabriela.filip@umfcluj.ro
 Irina C. Chis
 ichis@umfcluj.ro


†These authors have contributed equally to this work


Specialty section: 
 This article was submitted to Ethnopharmacology, a section of the journal Frontiers in Pharmacology







Received: 08 July 2020

Accepted: 31 August 2020

Published: 23 September 2020

Citation:
Sevastre-Berghian AC, Ielciu I, Mitre AO, Filip GA, Oniga I, Vlase L, Benedec D, Gheldiu A-M, Toma VA, Mihart B, Mihuţ A, Bâldea I, Olteanu D, Chis IC, Clichici SV and Hanganu D (2020) Targeting Oxidative Stress Reduction and Inhibition of HDAC1, MECP2, and NF-kB Pathways in Rats With Experimentally Induced Hyperglycemia by Administration of Thymus marshallianus Willd. Extracts. Front. Pharmacol. 11:581470. doi: 10.3389/fphar.2020.581470



The effects of two lyophilized extracts obtained from the aerial parts of Thymus marschallianus Willd. and harvested from wild flora (TMW) and obtained from culture (TMC) were evaluated in Wistar rats with experimentally induced hyperglycemia. The hyperglycemia was induced by streptozotocin (STZ) administration and the obtained results were evaluated in comparison for TMW and TMC. The polyphenolic composition of extracts was evaluated by spectrophotometrical and LC-MS methods. In vitro antioxidant capacity assays (DPPH, FRAP, EPR) were performed in order to preliminary establish the ability of tested samples to protect against free radical induced damage. Afterwards, the effects of these extracts were assessed in vivo on rats with experimental-induced hyperglycemia. Oxidative stress biomarkers (e.g. malondialdehyde—MDA), phosphorylated transcription factor subunit of nuclear kappaB (NF-kB) p65, methyl CpG binding protein (MECP) 2 and histone deacetylase 1 (HDAC1) expressions in hippocampus and frontal lobe were assessed. Open Field Test (OFT) and Elevated Plus Maze (EPM) were conducted on tested animals. Malondialdehyde (MDA) levels and HDAC1and MeCP2 expressions increased significantly in hippocampus (p<0.05) and frontal lobe (p<0.001) of diabetes group compared to the control group in parallel with decreasing of GSH/GSSG ratio. TMW and TMC administration reduced blood glucose levels and diminished lipid peroxidation, HDAC1 expression and enhanced antioxidant capacity in frontal lobe. TMW improved central locomotion of rats, increased phospho-NFkB p65 and diminished MECP2 expressions in hippocampus. Both tested samples exerted a beneficial effect by increasing the antioxidant defense. Our findings indicate that the administration of these extracts might represent a good option in the treatment of diabetes and its complications.
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Introduction

Diabetes mellitus (DM) is a chronic disease, characterized by hyperglycemia, due either to impairment of insulin sensitivity, insulin secretion or both. It is a major problem for public health and is responsible for a variety of complications such as an increased risk of cardiovascular disorders, nephropathy, retinopathy, neuropathy and cognitive dysfunction (World Health Organization, 2016). According to the International Diabetes Federation, in 2019, a total of 463 million people was estimated to be living with diabetes, namely 9.3% of the global adult population (20–79 years), a number that is expected to increase in the future (International Diabetes Federation, 2019; Saeedi et al., 2019). Elderly adults (≥ 60–65 years old) are at a higher risk of macrovascular complications and common geriatric syndromes, such as visual and cognitive impairment, depression, urinary incontinence and pain, as compared to younger people with diabetes (Chentli et al., 2015). Cognitive functions, such as attention, memory, learning, motor speed, visuoconstruction, somatosensory examination, motor strength, and executive functions are negatively influenced by poor glycemic control. Even though the exact link between diabetes mellitus and cognitive impairment is not fully elucidated, some authors have revealed that hyperglycemia, vascular disease (Fusco et al., 2019; Impellizzeri et al., 2019), hypoglycemia, insulin resistance, and amyloid deposition can be associated with cognitive dysfunction, especially in elderly people (Kodl and Seaquist, 2008). The efficiency of insulin and antihyperglycemic agents (e.g. biguanides, glinides and sulfonylureas) is well known. However, their administration may lead to numerous side effects (impairment of gastrointestinal function, hypoglycemia, or liver dysfunction) (Nozaki et al., 2017). Considering the possible side effects of classical medication and the hypothesis that hyperglycemia is associated with the development of diabetic complications, the need of an alternative therapy that may exert hypoglycemic activity, is a good strategy for the management of this disease (Kodl and Seaquist, 2008; Nozaki et al., 2017).

Scientific evidence maintains that hyperglycemia can lead to reactive oxygen species (ROS) production, in diabetic patients, through mitochondrial respiratory chain enzymes, xanthine oxidases, lipoxygenases, cyclooxygenases, nitric oxide synthases, and peroxidases (Balaban et al., 2005; Volpe et al., 2018). Moreover, clinical and experimental studies indicate that high sugar levels alter some signaling pathways, such as diacylglycerol, the activation of protein kinase C (PKC) and NADPH-oxidase system, thus producing oxidative stress, the formation of advanced glycation end products (AGEs), the secretion of the pro-inflammatory cytokines and cellular death (Nogueira-Machado and Chaves, 2008; Volpe et al., 2018). Additionally, it is proved that the NFkB, known for its role in inflammation, may be activated by hyperglycemia. There is scientific evidence that sustain the involvement of NFkB in synaptic plasticity, learning and memory, also mentioning that spontaneous synaptic transmission, short- and long-term synaptic plasticity, learning and memory-related behaviors are regulated by the MeCP and HDAC activity (Patel and Santani, 2009; Kavalali et al., 2011; Snow and Albensi, 2016). Moreover, the free radicals including superoxide anion from mitochondria can amplify the metabolic damage by the activation of sorbitol-aldose reductase pathways (polyol pathway) and hexosamine pathways and by the inactivation of two protective enzymes: endothelial nitric oxide synthase (NOS) and prostacyclin synthase. This further promotes inflammation resulting in a vicious cycle where hyperglycemia stimulates inflammation. ROS can produce the damage of cellular organelles and enzymes, increased lipid peroxidation, and development of insulin resistance (Balaban et al., 2005; Chentli et al., 2015; Volpe et al., 2018).

Due to their ability of scavenging ROS, the antioxidants can be used as adjuvant therapy in DM, to diminish the damages induced by oxidative stress. Among the most well-known antioxidants are medicinal plants, which exhibit their antioxidant capacity due to their chemical composition, especially to their abundance in polyphenols, which have proven along time efficient antioxidant properties (Nozaki et al., 2017).

Thymus (thyme) is one of the most important genus belonging to the Lamiaceae family (Niculae et al., 2019). This family is known worldwide for its traditional uses, in the treatment of different pathologies, being also used since ancient times for their importance as aromatic plants (Nabavi et al., 2015), that are assigned to their composition in essential oils (Tohidi et al., 2019) and phenolic compounds (Raudone et al., 2017). Thymus marschallianus Willd. (TM) is a species belonging to the Thymus genus which presents numerous chemovarieties: thymol, carvacrol, thymol/carvacrol, geraniol and carveole, that are related to the composition of its essential oils (Salehi et al., 2019). Besides the important number of volatile compounds, the species is also known for its composition in phenolic compounds, which are also responsible for its biological activity (Raudone et al., 2017). Among these compounds, the most important appears to be rosmarinic acid (RA), which is found in large amounts in the flowering aerial parts of the species (Niculae et al., 2019). This phenolic acid is responsible for numerous protective biological activities (Nunes et al., 2017), including the antidiabetic potential and antioxidant capacity (Nunes et al., 2017; Ngo et al., 2018; Nadeem et al., 2019). The two biological effect are even more important as they can can be highly connected in mechanisms. In this context, the evaluation of the protective activity against the hyperglycemic stress of the T. marschallianus Willd. species appears to be important, especially as it can be further exploited in the preparation of phytomedicines having important activity in the treatment of diabetes mellitus and its related complications.

Taken all these into consideration, the objective of this study was to evaluate the effect of two T. marschallianus Willd. lyophilized extracts, obtained from two different samples, harvested from culture (TMC) and from spontaneous flora (TMW) on ambulatory activity and brain oxidative stress biomarkers on diabetic rats. The phenolic composition of lyophilized extracts was assessed by spectrophotometrical and LC-MS methods, while in vitro preliminary assays were carried out in order to assess the antioxidant capacity of tested samples. In addition, phospho-NFkB p65 subunit of transcription factor NFkB, histopathological changes; HDAC1 and MeCP2 expressions in the hippocampus and frontal lobe in rats with STZ experimental-induced hyperglycemia were investigated.



Materials and Methods


Reagents

2-thiobarbituric acid and EDTA-Na2 were obtained from Merck KGaA (Darmstadt, Germany), absolute ethanol and n-butanol were purchased from Chimopar (Bucharest, Romania). o-Phthaldehyde and Bradford reagent were obtained from Sigma–Aldrich Chemicals GmbH (Germany). Antibodies against HDAC1 (Cat# sc-56683, RRID : AB_783697), MeCP2 (Cat# sc-5755, RRID : AB_648930), glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and secondary HRP-linked antibodies were purchased from Santa Cruz Biotechnology, Heidelberg, Germany. The test for quantification of phospho-NFkB p65 (Ser536) InstantOne™ ELISA was bought from Blue Gene, China. Glucose levels were measured by using a kit supplied by Diagnosticum Rt (Hungary). Chlorogenic acid, p-coumaric acid, caffeic acid, rosmarinic acid, rutin, apigenin, quercetin, isoquercitrin, quercitrin, hyperoside, kaempferol, myricetin, fisetin were purchased from Sigma Aldrich (St. Louis, USA). Ferulic acid, sinapic acid, gentisic acid, gallic acid, patuletin, luteolin from Roth (Karlsruhe, Germany) and cichoric acid, caftaric acid were obtained from Dalton (Toronto, Canada). HPLC grade methanol, ethanol and all reagents for spectrophotometric assays were purchased from Merck (Germany). All chemicals and reagents were of high-grade purity.



Phytochemical Analysis of Samples


Plant Material

The flowering aerial parts of T. marschallianus Willd. were harvested in June 2016 from the spontaneous flora of North Eastern Moldavia Flora, Cricova surroundings (voucher No. 978, from which sample TMW was obtained). The cultured species was obtained from a culture initiated in the Experimental Fields of the Botanical Garden of the Moldavian Science Academy (voucher No. 979, from which sample TMC was obtained). The taxonomic identification of the species was performed by Nina Ciocârlan, PhD, from the Botanical Garden of the Moldavian Science Academy, where voucher specimens are deposited in the Herbarium (Niculae et al., 2019).



Preparation of the Lyophilized Extracts

The plant material was air dried at room temperature for 3 days and ground to a fine powder (300 μm). Extracts were prepared by maceration of the vegetal powder with 70% ethanol for 24 h, at room temperature. After filtration, the extracts were centrifuged at 4500 rpm for 15 min, and the supernatant was recovered and subjected to evaporation of the ethanol under a vacuum at 40°C, using a rotary evaporator. Afterwards, the extracts were transferred in glass vials and freeze-dried in a lab scale VirTis Advantage Plus freeze-drier (SP Scientific, Gardiner, USA) and lyophilized. The vials were placed on the freeze-dryer shelf and cooled to −50°C at a rate of 1°C/min. The temperature was kept constant for 10 h for the complete solidification of the extract. The primary drying was performed at −30°C for 48 h and vacuum of 0.2 mbar, followed by secondary drying at 20°C for 4 h at 0.2 mbar. After lyophilization, samples were stored at room temperature. For the HPLC determinations, TMC and TMW lyophilized extracts were dissolved in EtOH 70% at a concentration of 10 mg/mL. All assays were performed in triplicate (Olah et al., 2016).



Identification and Quantification of Polyphenolic Compounds

The phytochemical profile of lyophilized extracts was qualitatively and quantitatively analyzed by two LC-MS/MS methods assessing individual polyphenolic compounds.

The first LC-MS/MS method was used for the identification of 18 phenolic compounds such as caftaric acid, gentisic acid, caffeic acid, chlorogenic acid, p-coumaric acid, ferulic acid, sinapic acid, hyperoside, isoquercitrin, rutin, myricetin, fisetin, quercitrin, quercetin, patuletin, luteolin, kaempferol, and apigenin. The analytical method used a Zorbax SB-C18 chromatographic column for separation (100 mm x 3.0 mm i.d., 3.5 µm), while the mobile phase consisted of a mixture of methanol: 0.1% acetic acid (v/v). Compounds were eluted in a linear gradient, starting with 5% methanol and ending at 42% methanol at 35 min; for the next 3 min, isocratic elution was used, with 42% methanol; column was rebalanced in the next 7 min with 5% methanol. The flow rate was set at 1 mL/min, while the column temperature was set at 48°C. Injection volume was 5 µL. Detection of compounds was performed on UV and MS mode. The UV wavelength was set at 330 nm until 17 min (for the detection of polyphenolic acids), then at 370 nm until 38 min (to detect flavonoids and their aglycones). The MS system used an electrospray ion source in the negative mode (capillary +3000 V, nebulizer 60 psi (nitrogen), dry gas nitrogen at 12 L/min and dry gas temperature 360°C. The obtained chromatographic data were processed using ChemStation and DataAnalysis software from Agilent, USA. Identified polyphenols were quantified based on their peak areas and compared with a calibration curve of their corresponding references. Results were expressed as micrograms of polyphenolic compounds per gram of lyophilized extracts (Hanganu et al., 2016b; Ielciu et al., 2017; Ielciu et al., 2018).

Six polyphenols were detected and quantified by a second LC-MS method: epicatechin, catechin, syringic acid, gallic acid, protocatechuic acid, and vanillic acid. The same chromatographic column as in the first method was used. The mobile phase consisted of a mixture of methanol (A): 0.1% acetic acid (v/v) (B) with a binary gradient (0 min: 3% A; 0–3 min: 8% A; 3–8.5 min: 20% A; 8.5–10 min 20% A and finally a rebalance of the column with 3% A). The flow rate was set at 1 mL/min and the injection volume was 5 µL. Compounds were also identified by comparison of their retention times and the MS spectra with those of corresponding references, analyzed in the same chromatographic conditions (Rusu et al., 2018).



Quantification of Total Polyphenols, Flavonoids and Phenolic Acids Content

The total phenolic content (TPC) was spectrophotometrically determined by a method using the Folin-Ciocalteau reagent, according to the European Pharmacopoeia. 2.0 mL of each sample were mixed with 1.0 mL of Folin-Ciocalteu reagent, 10.0 mL of distilled water and the mixture was diluted to 25.0 mL with a 290 g/L solution of sodium carbonate. The absorbance was measured at 760 nm after 30 min. The calibration curve was made using as reference a calibration curve plotted using gallic acid. Gallic acid concentrations that were used were set at 0.02, 0.04, 0.06, 0.08, and 0.10 mg/mL and prepared in a mixture of methanol and water (50:50, v/v). TPC values were calculated using the calibration curve of gallic acid graph (R2 = 0.9953). Results were expressed as mg of gallic acid equivalents (GAE)/g of dry weight plant material (d.w) (Benedec et al., 2013a; Benedec et al., 2016b; Ielciu et al., 2019).

The quantitative determination of flavonoids (TFC) was performed by the spectrophotometric method using aluminum chloride. 5.0 mL of each sample were mixed with 5.0 mL of sodium acetate 100 g/L, 3.0 mL of aluminum chloride 25 g/L, and diluted to 25 mL by methanol in a calibrated flask. The absorbance was measured at 430 nm. Total flavonoids content values were determined using an equation obtained from calibration curve of the rutin graph (R2 = 0.9996). Results were expressed as mg of rutin equivalents (RE)/g d.w. (Benedec et al., 2013a; Benedec et al., 2016b; Ielciu et al., 2017).

The quantitative determination of phenolic acids (TPA) was analyzed spectrophotometrically, in a method according to the 10th Edition of the Romanian Pharmacopoeia (Cynarae folium monograph), using Arnows reagent (10.0 g sodium nitrite and 10.0 sodium molybdate in 100 mL distilled water) and the results were expressed as mg of rosmarinic acid equivalents (RAE)/g of dry plant material, calculated using a rosmarinic acid calibration curve graph (R2 = 0.9985). All experiments were performed in triplicate. Results were expressed as mg of rosmarinic acid equivalents (RAE)/g d.w. (Benedec et al., 2013a; Benedec et al., 2016b; Ielciu et al., 2019).




Antioxidant Activity Tests


DPPH Radical Scavenging Assay

The antioxidant potential of T. marschallianus Willd. samples were quantified using the stable DPPH radical method. The DPPH radical solution (0.1g/L) in methanol was prepared and 4.0 mL of this solution was added to 4.0 mL of extract solution (or standard) in methanol at different concentrations (10–50 μg/mL). After 30 min of incubation at 40°C in a thermostatic bath, the decrease in the absorbance (n = 3) was measured at 517 nm. The antiradical activity (three replicates per treatment) was expressed as IC50 (μg/mL), the concentration of vegetal material required to cause a 50% DPPH inhibition (Benedec et al., 2016a; Hanganu et al., 2016a; Ielciu et al., 2019).



FRAP Assay

This method evaluated the reduction of the iron, which is reduced from the ferric ion to the ferrous ion in a complex of iron with the radical 2,4,6-tripyridyl-s-triazine (TPTZ). The reduction of this ion is assessed by measuring the absorbance at 593 nm and the color change from green to yellow or blue. The FRAP reagent consists in a mixture of 2.5 mL 10 mM TPTZ solution in 40 mM hydrochloric acid to which 2.5 mL 20 mM ferric chloride solution and 25 mL acetate buffer at pH = 3.6 is added. At 0.4 mL of diluted sample, 6 mL the FRAP reagent was added and absorbance was measured. Blank consisted in the similar mixture without the sample. Results are expressed as mM Trolox equivalents/g dry weight vegetal material (d.w.), using a calibration curve (R2 = 0.989) constructed with 10-40 mg/L Trolox standard (Ielciu et al., 2018; Ielciu et al., 2019).



Electron Paramagnetic Resonance (EPR) Spectroscopy Method

EPR measurements were performed on a Bruker ELEXYS E-580 spectrometer with continuous wave at X band (~9.4 GHz, modulation amplitude, 1 G, microwave power, 9.6 mM, center field 3514 and sweep field 100 G, room temperature). A DPPH solution (4.5 mM) was mixed with 10 µL samples in liquid form and transferred in EPR quartz capillaries to record the EPR spectra at different time intervals. The rate of reaction between antioxidant samples and DPPH radical was expressed by integral intensity (I) and was obtained through double integration of experimental spectra using XEPR Bruker software (Mocan et al., 2014; Hanganu et al., 2016b).




Animals and Experimental Design

Experimental procedures were approved by the Animal Ethics Board on animal welfare of the “Iuliu Haţieganu” University and by the Direction for Veterinary Surveillance and Food Safety according to the Directive 2010/63/EU on the protection of animals used for scientific purposes (Authorization No. 29/16.01.2017). Adult male Wistar rats (n = 36) were used under standard laboratory conditions, housed in a 12 h light–12 h dark cycle at room temperature (24 ± 2°C). The rats had free access to a standard normocaloric pellet diet (VRF1) and received water ad libitum. To evaluate the effects of TMC and TMW on brain oxidative stress biomarkers and ambulatory activity in rats with experimental-induced hyperglycemia, the animals were divided into 4 groups of 9 rats (Figure 1).




Figure 1 | Experimental design: Four groups of 9 adult rats each were included in the study. One group received carboxymethyl cellulose (CMC) 2% for 14 days while TMW (group 3) and TMC (group 4), were orally administered, (200 mg/kg b.w.), dissolved in 0.5 mL CMC, for 14 days prior to DM induction. On the 15th day, the animals from the three groups received one dose of STZ (30 mg/kg b.w.) administered intraperitoneally, in order to induce DM. Subsequently, CMC and the two extracts, dissolved in 0.5 mL CMC, were administrated for the next 14 days, between day 19 and 32. The results were compared with those of a control group treated with CMC without STZ (CMC). In this group CMC was administered in the same dose from day zero to day 32. On the 33rd day, OFT and EPM were conducted. Twenty-four hours later, samples from the hippocampus and frontal lobe were collected for biochemical, ELISA test, western blotting analyzes and the frontal lobe for histopathological investigations.



The group which received only carboxymethyl cellulose (CMC) 2% served as a control group (CMC). The animals from group 2 were given CMC for 14 days and streptozotocin (STZ) on the 15th day (CMC + STZ). The other two groups of animals received: TMW respectively TMC in CMC for 14 days and STZ on the 15th day, (CMC + STZ + TMW; CMC + STZ + TMC). TMW and TMC were administered orally 200 mg/kg body weight (b.w.), dissolved in 0.5 mL CMC and STZ in a dose of 30 mg/kg b.w. was administered intraperitoneally in the 15th day (Opris et al., 2017). Fasting glycemia levels were assessed three times, on the 16th, 17th and 18th day of the experiment and DM was considered induced when blood glucose levels reached over 250 mg/dL. Subsequently, these two extracts and CMC were administrated for the next 14 days, between day 19 and 32. On the 33rd day, OFT and EPM were conducted.

In literature, various doses of STZ can be used in order to experimentally induce diabetes mellitus, such as a single moderate dose, a single large dose or multiple low doses (Deeds et al., 2011; Damasceno et al., 2014; Qian et al., 2015; Nandini and Naik, 2019). Thus, based on the literature data (Qian et al., 2015) and on our previous experience (Opris et al., 2017), we chose 30 mg/kg b.w of STZ to induce hyperglycemia.

Twenty-four hours after the last behavioral test, under anesthesia with an intraperitoneal injection of ketamine/xylazine cocktail (90 mg/kg b.w. ketamine and 10 mg/kg b.w. xylazine), all animals were euthanized. The frontal lobe from 4 rats in each group was harvested for histopathological investigations. From the other 5 rats in the group, the hippocampus and frontal lobe were collected for oxidative stress assays, ELISA test and western blotting analyzes. Oxidative stress biomarkers in hippocampus and frontal lobe homogenates (malondialdehyde—MDA, glutathione reduced (GSH)/glutathione oxidized (GSSG) ratio and phosphorylated NFkB p65 in hippocampus and frontal lobe samples were also assessed. MECP2 and HDAC1 expressions in the rats’ brains were analyzed by Western Blot.



Behavioral Testing

On day 33 of the study, two different tests (OFT and EPM) were used to assess the general locomotor activity and emotionality of the rodents. The animals` activity was quantified by a visual tracking system (Smart Basic Software version 3.0 Panlab Harvard Apparatus) using specific mazes for rats (Ugo Basil Animal Mazes for Video-Tracking).


OFT

The animals were freely allowed to explore an open field arena (100 × 100 × 40 cm) for 5 min. The total travelled distance and the total number of entered squares served as an index of general locomotor activity. Increases in central locomotion (number of entries and travelled distance in the center) or in time spent in the central part of the device (time spent in the center/total time) can be considered as anxiolytic-like behavior (Gamberini et al., 2015).



EPM

The plus-shaped maze consists of two open (10×50 cm) and two closed (10×50×40 cm) arms that are 60 cm elevated above the ground level. Although EPM is considered the gold standard for the evaluation of anxiety in the basic research, it also measures the motor activity. High open arms travelled distance, open arms number of entries and time ratio (open arms/total time) are considered relevant parameters of low anxiety-like behavior, whereas, total and closed arms travelled distance, total and closed arms entries are seen as an index of general locomotion in EPM. Between tasks, the mazes were cleaned with 70% ethanol to remove residual odor (Walf and Frye, 2007).




Assessment of Glycemia

On the 16th day of the study, retroorbital blood samples were collected to determine the glycemia levels, after one dose of STZ (30 mg/kg b.w.) administration. Rats with a glucose concentration exceeding 250 mg/dL, in the next 3 days after STZ injections, were considered diabetic. Later on, sugar blood levels were monitored on the 25th and 32nd days of the experiment.



Biochemical Investigations of Oxidative Stress and Antioxidant Activity

For the oxidative stress evaluation, we measured malondialdehyde (MDA) as a marker of lipid peroxidation and GSH/GSSG ratio as an antioxidant parameter from the frontal lobe and hippocampus. The MDA levels in the hippocampus and frontal lobe were determined by spectrofluorimetry, using the 2-thiobarbituric acid method. The values were expressed as nmol/mL and nmoles/mg of protein (Conti et al., 1991). GSH and GSSG were measured fluorimetrically using o-phtalaldehyde in the two tissue homogenates. The values were expressed as GSH/GSSG ratios (Hu, 1994).



Evaluation of HDAC1 and MeCP2 Expressions and Phosphorylated NFkB p65

HDAC1 and MeCP2 quantifications were performed by the Western Blot technique. Lysates (20 µg protein/lane) were separated by electrophoresis on 8% SDS PAGE gels under reducing conditions, then transferred to the polyvinylidenedifluoride membranes (BioRad), using V3 Western Workflow™ (BioRad). Blots were then blocked and incubated with antibodies against NFkB, phospho-NFkB HDAC1 (catalogue number SAB4503697) and MeCP2 (catalogue number M7443) (Santa Cruz Biotechnology, Heidelberg, Germany), diluted 1:500 and corresponding secondary HRP-linked antibodies (1:1500) (Santa Cruz Biotechnology). Proteins were visualized and detected using the Supersignal West Femto Chemiluminiscent substrate (Thermo Fisher Scientific, Rockford IL, USA) and a Gel Doc Imaging system equipped with an XRS camera and Quantity One analysis software (Biorad). GAPDH was used as a protein loading control. The phosphorylated NFkB p65 in the hippocampus and frontal lobe were measured by the ELISA technique (Blue Gene, China) following the manufacturer’s instructions. The results were expressed as OD/mg protein (Baldea et al., 2013).



Histological Investigation of the Brain

Frontal lobe slices were harvested for histological investigation. Brain samples were fixed in 10% neutral buffered formalin, then embedded in paraffin in order to produce 5 µm thick sections which were stained with hematoxylin-eosin (HE) for light microscopy (Optika B-383LD2 microscope).



Statistical Analysis

All statistical analyses were conducted using ANOVA GraphPad Prism software, version 6.0 (GraphPad, San Diego, California, USA) and SPSS v.11.5 for Windows. The results were expressed as the mean ± standard deviation (SD). One-way analysis of variance (ANOVA) was used, followed by Tukey’s post hoc test, to determine statistical significance among the four groups. A p value lower than 0.05 was considered statistically significant. Results are expressed as mean ± SD. For the extracts, differences between means were assessed by a Student–Newman–Keuls test (p≤ 0.05). Phytochemical assays were performed in triplicate. Each treatment contained three independent replicates and the experiments were performed twice.




Results


Phytochemical Characterization of TMW and TMC Lyophilized Extracts by HPLC-MS

The compound which was found in the highest amounts, both in the cultured sample and in the spontaneous one, is rosmarinic acid (RA), which appears therefore as a phenolic marker of the species. From the two tested samples, the one harvested from culture (TMC) appears to have a larger amount of RA. Another phenolic acid found in the composition of the species is ferulic acid, also having larger amounts in the cultured sample (TMC). Regarding the polyphenols, important amounts of aglycones and flavonoids were found, luteolin being the major one found in higher amounts in the cultured sample. Another polyphenolic compound identified in significant amounts in the lyophilized extracts was apigenin, having the opposite profile for the two tested samples, namely higher amounts in the spontaneous sample. Not least, kaempferol was found in larger amounts in TMW than in TMC (Table 1). Other compounds as catechin and protocatechuic acid, were also found in larger amounts in TMC than in TMW, while for syringic acid and vanilic acid, the amounts were reversed for the two samples (Table 2).


Table 1 | Polyphenolic compounds analyzed by the LC-MS/MS method (I) in the lyophilized extracts.




Table 2 | Polyphenolic compounds analyzed by the LC-MS method (II) in the lyophilized extracts.





Content of Total Polyphenols, Flavonoids and Phenolic Acid

Large amounts of total polyphenols, flavonoids and phenolic acids were determined for both samples. Small differences between the tested samples were noticed, except the content of flavonoids which appears to be almost double in the cultured sample (28.983 ± 0.32mg RE/g for TMC and 16.692 ± 0.51mg RE/g for TMW). The obtained amounts for this species are superior to the ones obtained from species belonging to other Lamiaceae species as Ocimum basilicum L. (Benedec et al., 2012) or Rosmarinus officinalis L. (Olah et al., 2016). Origanum vulgare L. and Mentha sp. showed superior results for TPC than T. marschallianus Willd., but inferior for TFC and TPA (Benedec et al., 2013b; Oniga et al., 2018).



Antioxidant Activity

The antioxidant capacity of these extracts was determined by several methods, testing the behavior of these samples towards various radicals generated in vitro: DPPH bleaching assay, the ferric reducing antioxidant power assay (FRAP) and the electron paramagnetic resonance assay (EPR) (Table 4).

The DPPH scavenging ability of the TMC was 1.5 times higher than that of TMW (IC50 = 81.2 ± 1.3 µg/mL and IC50 = 121.458 ± 1.21 µg/mL, respectively) (Table 4). This is in good connection with the TPC values listed in Table 3. Compared to the reference compounds, quercetin (IC50 = 5.40 ± 0.32 µg/mL) and BHT (IC50 = 15.6 ± 0.44 µg/mL), the extracts showed lower antioxidant capacity. Other studies also cite the antioxidant activity of Thymus species by this type of assay, but this biological activity is attributed to the essential oils (Jianu et al., 2015; Mancini et al., 2015; Petrović et al., 2017). For species belonging to the Lamiaceae family, results obtained in the same evaluation method range between 35.03 ± 1.57 and 135.89 ± 3.10 µg/mL (Benedec et al., 2015).


Table 3 | The content of total polyphenols, flavonoids and phenolic acids for T. marschallianus Willd. Extracts.




Table 4 | Antioxidant evaluation of T. marschallianus Willd.



The FRAP assay shows values of 233.11 ± 3.5 µM Trolox Eq/g d.w for the TMW extract and of 296.15 ± 4.7 µM Trolox Eq/g d.w for the TMC extract, indicating a superior potential for the latter, in accordance with the TPC.

Regarding the EPR method, the values of the integral intensity of these samples were compared with the DPPH radical standard, which were mixed. The rate of reaction between the antioxidant compounds of the extracts and DPPH radical was monitored using normalized double integrated residual EPR signal, correlated with the number of paramagnetic species. It is therefore observed that the integral intensity of DPPH in mixture with samples decreases, especially compared with the DPPH solution without samples. Decrease of the integral intensity for the tested samples can be observed, representing by the oxido-reduction rate of the DPPH radical. Comparing the obtained rates for both samples, it is clear that TMC has a higher antioxidant capacity than TMW. Values of the integral intensity of both samples are represented in Table 4 compared with DPPH (Mocan et al., 2014).

All of the obtained results in these assays are in correlation with the content of polyphenols, flavonoids and phenolic acids and also with the amounts of the compounds quantified by the HPLC method. These results provide important directions on possible mechanisms of actions of these samples, taking into consideration the different systems that were used, which test the behavior of these compounds towards various radicals. These assays represented the premises that allowed to further test the effects of oxidative stress in the model of STZ-induced hyperglycemia in rats.



Behavioral Studies

The effect of extracts on locomotion of rats, tested in OFT is illustrated in Figure 2. The OFT is used to assay general locomotor activity levels and anxiety in rodents in scientific studies (Walf and Frye, 2007; Anchan et al., 2014; Kushwah et al., 2016). Our results showed that TMW and TMC (p<0.001) significantly diminished the total travelled distance and travelled distance in periphery.




Figure 2 | The effects of two extracts on the total (A) and peripheral (B) travelled distance and total (C) and peripheral (D) number of entries in the open field test (OFT). TMW and TMC (p<0.001) significantly diminished the total travelled distance (A) and the travelled distance in periphery (B) as compared to the CMC+STZ group. Twenty-eight days of extracts treatment in comparison to STZ administration, slightly improved the locomotor activity (number of entries in periphery), but without a statistical significance (p > 0.05) (D). Each group consisted of 9 rats. Results are expressed as mean ± SD; p < 0.05 as compared to CMC+STZ. The ### means p<0.001 between CMC+STZ versus treated groups (CMC+STZ+TMW and CMC+STZ+TMC).



The effect of these two extracts on the locomotion of rats, tested in EPM is illustrated in Figure 3. Even though, EPM was developed to measure anxiety-related behavior, this test is used to assay general locomotor activity levels (number of entries into the open arms and total arms entries), as well (Walf and Frye, 2007).




Figure 3 | The effects of extracts on the total (A) and peripheral (B) travelled distance and the total (C) and peripheral (D) number of entries in the elevated plus maze (EPM). In the EPM, the natural compound administration improved general locomotion, but without any statistical significance (p > 0.05) (A, B). TMW (C, D) and TMC (D) treated rats significantly made more entries in the EPM test as compared to the CMC+STZ group (p < 0.05). Each group consisted of 9 rats. Results are expressed as mean ± SD; #p < 0.05 as compared to CMC+STZ. The ## means p<0.01 between CMC+STZ versus treated groups (CMC+STZ+TMW and CMC+STZ+TMC).



In the EPM, the extracts administration improved general locomotion, but without any statistical significance (p>0.05). TMW and TMC treated rats significantly made more entries in the EPM test as compared to the STZ group (p< 0.05). The influence of the administration of extracts on the emotionality, tested in OFT and EPM, was exemplified in Figure 4. Regarding the emotionality in OFT, the TMW treated rats travelled significantly greater distance (p<0.05), made more entries (p<0.001), and spent more time (p <0.001) (C), in the central part of the OFT arena as compared to STZ. TMW administration increased the central travelled distance (p<0.01), the number of entries (p<0.05), and the central time spent (p< 0.05), in the open filed arena as compared to the TMC group.




Figure 4 | The effects of extracts on emotionality in the open field test (OFT) (A–C) and in the elevated plus maze (EPM) (D–F). The TMW treated rats travelled significantly greater distance (p < 0.05) (A), made more entries (p < 0.001) (B), and spent more time (p < 0.001) (C), in the central part of the OFT arena as compared to CMC+STZ. TMW administration increased the central travelled distance (p < 0.01) (A), the number of entries (p < 0.05) (B), and the central time spent (p<0.05) (C), in the open filed arena as compared to the CMC+STZ+TMC group. In EPM, TMW administration enhanced the travelled distance and the entries made in the open arms, both as compared to the CMC+STZ and CMC+STZ+ TMC group (D, E) (p < 0.001). TMW group tended to increase the time spent in the open arms of the EPM, but without statistical significance (p > 0.05). Each group consisted of 9 rats. Results are expressed as mean ± SD; #p < 0.05 as compared to CMC+STZ; +p < 0.05 as compared to CMC +STZ+TMW. The ### means p<0.001 between CMC+STZ versus treated groups (CMC+STZ+TMW and CMC+STZ+TMC). ++p<0.01 and +++p<0.001 between CMC+STZ+TMW and CMC+STZ+TMC.



EPM has been validated to assess the anxiety-like behavior in rats, based on the natural aversion of rodents for open spaces of the elevated maze (Wang et al., 2014). Thus, higher travelled distance, more entries and more time spent in the open arms of the EPM test apparatus, during a 5 min test session, is indicative of low anxiety-like behavior (Walf and Frye, 2007).

In EPM, the TMW group exhibited a significantly higher travelled distance and made more entries in the open arms, both as compared to the CMC+STZ and CMC+STZ+TMC group (p<0.001). Moreover, the TMW group tended to increase the time spent in the open arms of the EPM, but without statistical significance (p>0.05).



Assessment of Glycemia

The effects of administration of extracts on glycemia levels in the blood of the rats are exemplified in Figure 5. On the 25th and 32nd days of the experiment, glycemia levels were measured in the blood of the rats. On both days, glycemia displayed higher levels in the CMC+STZ group as compared to the CMC group (p<0.001). On the 25th day, both TMW and TMC decreased glycemia values (p<0.001), while on the 32nd day, TMW was the only one to exert beneficial effects (p<0.001). Significantly higher levels of glycemia were recorded in the CMC+STZ+TMC group as compared to the CMC+STZ+TMW group (p<0.001) (Figure 5), which is possibly due to higher content of total polyphenols in the composition.




Figure 5 | The effects of the extracts on glycemia levels in the blood of rats. Both on 25th and 32nd days of the experiment, glycemia displayed higher levels in the CMC+STZ group as compared to the CMC group (p<0.001). On the 25th day, both TMW and TMC decreased glycemia values (p<0.001), while on the 32nd day, TMW was the only one to exert beneficial effects (p<0.001). Significantly higher levels of glycemia were recorded in the CMC+STZ+TMC group as compared to the CMC+STZ+TMW group (p<0.001). Each group consisted of 9 rats. Results are expressed as mean ± SD; ***p<0.001 as compared to CMC; ###p<0.001 as compared to CMC+STZ; +++p<0.001 as compared to CMC+STZ+TMW.





Oxidative Stress and Antioxidant Activity Assessment in the Hippocampus and Frontal Lobe

The effects of extracts administration on oxidative stress markers in different areas of the rats’ brains are found in Figure 6.




Figure 6 | The effects of two extracts on malondialdehyde (MDA) levels (A, C) and antioxidant defense (GSH/GSSG ratio), (B, D) in the hippocampus and frontal lobe of adult rats. MDA displayed higher levels in the hippocampus and frontal lobe of the CMC+STZ group (p < 0.05, A; p < 0.001, C). Both TMW (p < 0.001) and TMC (p < 0.001) diminished the MDA levels in the frontal lobe (C); GSH/GSSG ratio was significantly lower in hippocampus (p<0.05) (B) of the CMC+STZ treated group. TMC administration significantly increased the GSH/GSSG ratio in the frontal lobe of the treated rats compared to the untreated animals (p < 0.01) (D). Each group consisted of 5 rats. Results are expressed as mean ± SD; *p<0.01 and ***p<0.001 as compared to CMC; ##p<0.01 and ###p<0.001 as compared to CMC+STZ.





Evaluation of Phosphorylated NFkB p65, HDAC1, and MeCP2 Expressions

The effects of extracts on the phosphorylated NFkB p65 subunit, in the brain of the rats are illustrated in Figure 7. The phosphorylation of p65 NFkB at Ser 536 allows the nuclear localization of the transcriptionally active complex and transactivation of several downstream genes mediated by NFkB. Therefore, the quantification of active form of p65NFkB subunit is an indirect measure of NFkB activation and function. Phospho-NFkB p65 increased in the hippocampus of the CMC+STZ+TMW treated group as compared to CMC+STZ (p<0.05). In the frontal lobe, the phospho-NFkB p65 were down-regulated both by TMW and TMC, but the differences were not statistically significant (p>0.05). The levels of the phospho-NFkB p65 decreased 1.28 times in TMW groups as compared to CMC and 1.21 times as compared to STZ. The levels of the phospho-NFkB p65 decreased 1.79 times in TMC group as compared to CMC and 1.69 times as compared to STZ.




Figure 7 | The effects of the extracts on NFkB levels in the brains of the rats (A, B). NFkB recorded elevated levels in the hippocampus of the CMC+STZ+TMW treated group as compared to CMC+STZ (p < 0.05) (A). In the frontal lobe, the NFkB levels were down-regulated both by TMW and TMC, but the differences were not statistically significant (p > 0.05) (B). Each group consisted of 5 rats. Results are expressed as mean ± SD; #p < 0.05 as compared to CMC+STZ.



The influence of the administration of extracts on the expression of HDAC1 and MeCP2 expressions in the brain is shown in Figure 8.




Figure 8 | The effects of the administration of extracts on the expression of HDAC1 and MeCP2 in the brain (A–C). Expression of HDAC1 and MeCP2 were analyzed by western blot (WB). The image analysis of western blot bands was completed by densitometry; the results were normalized to GAPDH. WB images, 1 - 4 hippocampus, (1 = CMC; 2 = CMC + STZ, 3 = CMC + STZ + TMW; 4 = CMC + STZ + TMW) 1 – 4 frontal lobe, (1 = CMC; 2 = CMC + STZ, 3 = CMC + STZ + TMW; 4 = CMC + STZ + TMW); (n = 3). Each group consisted of 3 samples. Results are expressed as mean ± SD; **p<0.01 and ***p<0.001 as compared to CMC; #p<0.05, ##p<0.01 and ###p<0.001 as compared to CMC+STZ; +p<0.05 and +++p<0.001 as compared to CMC+STZ+TMW.



STZ in CMC significantly stimulated the HDAC1 and MeCP2 levels both in the hippocampus and the frontal lobe as compared to the control group (p<0.001). TMW administration significantly lowered the HDAC1 value in the frontal lobe (p<0.01) (Figure 8B) and MeCP2 both in the hippocampus (p<0.001) and the frontal lobe (p<0.05) as compared to STZ in CMC (Figure 8C). TMC decreased the expressions of HDAC1 in the hippocampus and the frontal lobe (p<0.001) (Figure 8B) and of the MeCP2 in the hippocampus (p<0.001).

The effects of extracts administration on the micromorphology of the frontal cortex are illustrated in Figure 9. The tissue sections evaluated by morphometry displayed rare perineuronal edema in the frontal cortex of CMC group. Frequent perineuronal edema, shrinked neurons along with axonal demyelination was observed in the CMC+STZ treated group. TMW and TMC administration induced rare perineuronal edema, a few shrinked neurons along with rare axonal demyelination in the frontal lobe.




Figure 9 | Representative photomicrographs of the frontal cortex of the four experimental groups. (A) (CMC), (B) (CMC+STZ), (C) (CMC+STZ+TMW), (D) (CMC+STZ+TMC) prove the histological features of the frontal cortex Magnification: ×200. H&E staining. Scale bar = 20 µm.






Discussion

Herbal medicines are used for the treatment and prevention of various diseases starting from ancient times. Among the disorders that were treated with natural remedies DM is also included (Petrovska, 2012; Choudhury et al., 2018). Numerous natural products have shown their efficiency in reducing blood glucose levels, regulating insulin secretion and insulin sensitivity in the cells and reducing triglycerides and cholesterol levels. Therefore, many patients consider complementary and alternative medicinal (CAM) therapies over conventional ones, due to their lower costs and less side effects, medicinal plants still being used with great interest in the modern era (Choudhury et al., 2018).

In the present study, we have chosen a chemical model to induce experimental diabetes in animals, which is based on STZ administration. STZ (2-deoxy-2-(3-(methyl-3- nitrosoureido)-D-glucopyranose), synthesized by Streptomycetes achromogenes, has been widely used for its diabetogenic properties in rodents, either in a single or multiple dose injection. STZ causes DNA alkylation while entering the pancreatic β cells via the GLUT2 glucose transporter, which promotes the activation of poly ADP-ribosylation that further leads to cellular NAD+ and ATP reduction and subsequent inhibition of insulin synthesis and secretion. Moreover, it is well known that STZ – induced DNA damage may be also related to nitric oxide (NO) delivery, a molecule released during STZ cellular metabolism (Takasu et al., 1991; Bedoya et al., 1996; Szkudelski, 2001; Deeds et al., 2011). Results of our research provided evidence that STZ (30 mg/kg b.w.) administration increased the oxidative stress parameters in the brain of the hyperglycemic rats. Thus, we observed enhanced MDA levels in the hippocampus and the frontal lobe, and reduced GSH/GSSG ratio in the hippocampus. These observations were consistent with studies that reported high lipid peroxidation, enhanced protein carbonyl content, as well as altered enzymatic activity (decreased glutathione peroxidase, superoxide dismutase, catalase), and reduced glutathione levels in hypothalamus, hippocampus and frontal cortex lysate of STZ - treated rats (Parihar et al., 2016).

There is scientific evidence that diabetes mellitus may consistently be associated with reduced cognitive performance, especially in elderly people. The exact link between diabetes mellitus and cognitive deficits is not fully elucidated, but some authors have revealed that insulin and the insulin-like growth factor (IGF) regulate neuronal and glial cell activities (e.g. growth, survival, metabolism, gene expression, protein synthesis, cytoskeletal assembly, synapse formation, neurotransmitter function, and plasticity), which are highly needed to promote cognitive function (Kodl and Seaquist, 2008; De la Monte, 2014). Conversely, brain insulin/IGF resistance induces oxidative stress, neuroinflammation, impaired cell survival, mitochondrial dysfunction, dysregulated lipid metabolism, and endoplasmic reticulum (ER) stress, thus propagating a mild neurodegenerative process, similar to Alzheimer’s disease (AD) (Tong and De La Monte, 2009; De la Monte, 2014).

Some authors revealed that polyphenol administration may prevent neurodegeneration, inhibit inflammations and reduce age – related cognitive decline by scavenging free radicals, activating various signaling pathways, modulating gene expression, down-regulating NFkB and nuclear factor erythroid 2-related factor 2 (Nrf2) or inhibiting the release of cytokines (IL-1β, TNF-α) (Spencer et al., 2009; González-Gallego et al., 2010; Vauzour, 2012; Vauzour, 2017). In the CNS, NFkB transcription factors may play an important regulatory role in physiological processes, such as neurogenesis, neuritogenesis and synaptic plasticity which is related to learning and memory. Moreover, Nrf2 and NFkB are considered to regulate cellular responses to oxidative stress and inflammation, both being activated by similar stimuli. Based on scientific evidence, the absence of Nrf2 can exacerbate NFkB activity leading to increased cytokine production, whereas NFkB can modulate Nrf2 transcription and activity, having both positive and negative effects on the target gene expression (Wardyn et al., 2015). Thus, the functional cross-talk between the Nrf2 and NFkB pathways may lead to the development of improved therapeutic strategies that may regulate the NRF2-NFkB interplay response under both physiological and pathological conditions (Sivandzade et al., 2019).

The comparative effects of two lyophilized extracts of T. marshallianus, harvested from the wild flora (TMW) and from the culture (TMC) on STZ – induced hyperglycemia were studied in this experimental model due to the background of the Thymus species present in traditional medicine, but moreover, as large amounts of rosmarinic acid (RA) were found in the composition of the tested samples (Table 1). In the context of the well-known protective activities of this compound (Nunes et al., 2017; Nadeem et al., 2019), the promising potential of this species proved to be significant and therefore the present study aimed to highlight its potential medicinal properties.

The results of the present study evidenced that administration of both TMW and TMC diminished lipid peroxidation, whereas TMC improved the antioxidant activity in the frontal lobe of the STZ – treated rats. These observations were consistent with the literature. Umeno et al. (2016) mentioned that polyphenols may exert an antioxidant effect by Nrf2 pathway activation and by antioxidative proteins expression (e.g. HMOX-1). Among the polyphenols, RA is mentioned by scientific literature to decrease serum MDA levels and improve CAT, SOD, GSH, GPx, tumor necrosis factor-alpha (TNF)- α and interleukin-6 (IL-6). The antioxidant mechanism of the extracts can also be related to this compound, known as the most potent scavenger of ROS, RNS and peroxynitrite identified among polyphenols (Nadeem et al., 2019).

Based on the quantitative determinations of polyphenols by HPLC, tested samples revealed a high content of RA, which is proven to be the major compound found in the composition of the species. Together with the RA, significant amounts of flavonoids were identified. Taken into consideration the background of these compounds (Bamosa et al., 2010; Maithili Karpaga Selvi et al., 2015), they may be involved in the glucose-metabolism pathways, such as, glucose absorption, regulation of glucose production in the liver or insulin tissue sensitiveness. Considering that hyperglycemia induces oxidative stress and increased levels of inflammatory mediators and apoptotic proteins associated with diabetes mellitus, these extracts might be considered for both antioxidant and hypoglycemic effects.

The results showed that rats injected with STZ showed elevated plasma glucose levels, an observation also reported by other authors (Yassa and Tohamy, 2014), whereas blood glucose levels were significantly reduced in diabetic rodent groups treated with natural compounds. Hence, our data were in agreement with previous studies that have shown the hypoglycemic efficacy of polyphenolic compounds (Chen et al., 2015).

Regarding the behavioral effects of TMW in our study, there was a decrease in the general activity, revealed by significantly lower scores in the peripheral and total travelled distance, assessed in OFT. However, based on the EPM test, administration of TMW improved the general locomotion (increased zone transition number and entries in closed arms) and TMC increased the entries in the closed arms. Additionally, TMW demonstrated an anxiolytic-like effect in OFT as it enhanced the travelled distance, the entries made and the time spent in the central part of the arena. Further, the TMW treated rats made more entries and travelled a higher distance in the open arms of the EPM as compared to the STZ treated group.

In addition, we evaluated the HDAC 1 and MeCP2 expressions in the hippocampus and frontal lobe by western blot. Histone deacetylases, (HDACs), a family of four classes enzymes, divided into zinc (class I: HDACs 1, 2, 3 and 8; class II: HDACs 4, 5, 6, 7, 9 and 10; class IV: HDAC 11) and nicotinamide adenine dinucleotide - dependent groups (class III HDACs: sirtuins), play a major role in the normal cellular brain activities by regulating, gene expression, survival or proliferation of the cells (Reddy et al., 2018; Gatla et al., 2019). Class I HDACs, expressed in various mammalian cells and tissues, have been intensively studied as histone modifiers and transcriptional repressors (Jaworska et al., 2015). Moreover, the importance of both HDAC1 and 2 in the development of CNS, as hdac 1 mutation induced neuron and glia failure cell formation in the hindbrain, loss of segmental organization of postmitotic neurons and glia cells and deficit in the branching of motor neurons in zebrafish (Pillai et al., 2004; MacDonald and Roskams, 2008). It also seems that the deletion of both HDAC 1 and 2 may impair the normal development of the mouse brain (e.g. cortical, hippocampal and cerebellar structures) during the embryonic period, leading to neuronal death (Haberland et al., 2009; Montgomery et al., 2009).

HDAC 1 showed significant expression in glial and neural progenitor cells during brain development, and in glial cells in adult brain, whereas HDAC 2 was expressed in progenitors and neurons (Broide et al., 2007; MacDonald and Roskams, 2008). HDACs, by histone deacetylation, remove acetyl groups from N-terminal tails of histone proteins, being involved in the epigenetic modifications that stabilize the local chromatin architecture and thus decrease gene expression and protein function (Jaworska et al., 2015; Khurana and Dlugos, 2017; Dresselhaus et al., 2018).

Moreover, histone acetylation is involved in the memory formation. Thus, the high levels of acetylated hippocampal histones in mice and the efficiency of HDAC inhibitors (e.g. trichostatin A, TSA, VPA, vorinostat), that may facilitate the learning process in wild-type mice, as well as in neurodegeneration (Guan et al., 2009; Ricobaraza et al., 2012; Peixoto and Abel, 2013; Lu et al., 2015). At the same time, Groh et al. (2013) mentioned that polyphenols, such as epigallocatechin-3-gallate and genistein potently diminished the activity of HDAC in intact colon carcinoma cells and demonstrated that the modulation of HDAC activity is associated with the suppression of HDAC1. In our study, one dose of STZ increased the HDAC1 and MeCP2 expressions both in the hippocampus and the frontal lobe. TMW administration significantly inhibited the expression of HDAC1 in the frontal lobe and MeCP2, both in the hippocampus and the frontal lobe. TMC downregulated the expressions of HDAC1 in the hippocampus and frontal lobe and of MeCP2 in the hippocampus, this being in agreement with the above-mentioned data.

MeCP2, a member of the methyl-CG-binding domain (MBD) family of proteins, may repress transcription in a histone deacetylase (HDAC)-dependent process (e.g. binding of MeCP2 to Sin3A-HDAC complexes), and in a HDAC-independent manner (e.g. inhibiting of the assembly of transcription preinitiation complexes and MeCP2 functioning as a global methyl-CG-specific, histone deacetylase independent repressor) (Wan, 2001; Fuks et al., 2003; Clouaire and Stancheva, 2008; Theisen et al., 2013). However, scientific data sustained that MeCP2 can induce either repression or activation of gene transcription, processes that highly depend on the cellular and molecular context (Hansen et al., 2010; Theisen et al., 2013).

Despite the significant use of HDAC inhibitory agents (HDACi), such as valproic acid (VPA) in nervous system disorders (e.g. epilepsy), the HDACs expression in the central nervous system remains still unclear (MacDonald and Roskams, 2008; Khurana and Dlugos, 2017). Decreased HDAC2 protein expression in the nucleus accumbens was also associated with both depression in humans and chronic stress-like behavior in mice (Massart et al., 2012). Additionally, it has been reported that MeCP2 overexpression in mice neurons may be associated with anxiety, impaired memory and learning, abnormal motor coordination and abnormal hippocampal synaptic plasticity due to a HDAC repressed–transcription–mechanism. Moreover, previous evidence sustains that HDAC co-repressor proteins may negatively regulate NFκB transcriptional activity (Ashburner and Westerheide, 2001).

As NFkB modulates ROS levels and the expression of proinflammatory factors (interleukin (IL)-1, intercellular adhesion molecule 1, tumor necrosis factor α (TNF α), therefore, it can be considered to initiate the inflammatory cascade (Wang et al., 2019). Previous studies also revealed that HDACi inhibits NFkB transcription, thus repressing inflammatory response (Lu et al., 2015). Additionally, it was suggested that high blood glucose and oxidative stress levels may lead to neuroinflammation via NFκB signaling (Richa et al., 2017). Thus, we also evaluated the active form of p65 subunit, phospho-NFkB p65 expressions in the hippocampus and frontal lobe. In our study, both TMW and TMC tended to decrease the phospho-NFkB p65 in the frontal lobe and consequently the NFkB transcriptional activity. Conversely, in the hippocampus, with regard to administration of extracts, our results were contradictory with the above-mentioned data. These observations are consistent with the literature. Several authors reported that polyphenols administration reduced the expression of NF-κB in in different brain areas (e.g. hippocampus, striatum and frontal cortex) and cell types (astrocytes and microglia) (Vauzour, 2012; Sarubbo et al., 2017; Jha et al., 2019).

It is known that the transcription factor NFκB may exhibit cellular context-dependent function in the nervous system (Kaltschmidt and Kaltschmidt, 2009). NF-κB is involved in multiple physiological and pathological processes, (e.g. neurotransmission and neuroprotection, inflammation, immunity, apoptosis, cell proliferation, differentiation and survival) and can be activated by various factors: inflammatory cytokines, antigen receptor engagement, UV- or γ-irradiation, ischemia and hyperosmotic shock or oxidative stress (Meffert et al., 2003; Hayden et al., 2006; Oeckinghaus and Ghosh, 2009). In unstimulated cells, IκB kinase (IKK) complex can induce nuclear translocation of inactive NFκB and transcription of target genes. The constitutive active form of NFkB can be found in mature B cells, macrophages, neurons, vascular smooth muscle cells and tumoral cells (Oeckinghaus and Ghosh, 2009).

Although significant progress has been made in the understanding of the NFkB activation mechanism, the functional significance of this process in the nervous system still requires further research. Several authors sustain that NFkB can either regulate cell death or survival in the nervous system, depending on the type of cell (e.g. glia vs neurons), different stimuli or molecular context. To elucidate the influence of natural products on NFkB activation and its role in the nervous system, further studies should be performed (Kaltschmidt and Kaltschmidt, 2009; Mincheva-Tasheva and Soler, 2013). Our data showed that diabetic rats had no significant degree of histological brain damage, thus sustaining biochemical and functional - related damages rather than morphological ones.



Conclusions

Our study demonstrated that TMW and TMC administration reduced blood glucose levels. TMW improved the central locomotion of the rats, both in OFT and EPM. In the frontal lobe, both extract diminished lipid peroxidation and HDAC1 expression but enhanced the antioxidant capacity. TMW administration increased the phospho-NFkB p65 and diminished MECP2 expression in the hippocampus. Our findings indicate that administration of Thymus marschallianus Willd. extracts (either TMW or TMC extracts) might represent a good option in diabetes-related complications, by exerting various beneficial effects via several/various mechanisms. Both extracts exerted a beneficial effect by increasing the antioxidant defense and improving the central locomotion.
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This review performs a comprehensive assessment of the therapeutic potential of three native herbs of Crete (Thymbra capitata (L.) Cav., Salvia fruticosa Mill. and Origanum dictamnus L.), their phytochemical constituents, health benefits and issues relevant to their safety, within a translational context. Issues discussed comprise: 1) Ethnopharmacological uses of the three herbs, reviewed through an extensive search of the literature; 2) Systematic analysis of the major phytochemical constituents of each plant, and their medicinal properties; 3) To what extent could the existing medicinal properties be combined and produce an additive or synergistic effect; 4) Possible safety issues. We conclude with a specific example of the use of a combination of the essential oils of these plants as an effective anti-viral product and the experience gained in a case of a plant-based pharmaceutical development, by presenting the major steps and the continuum of the translational chain.
Keywords: traditional medicine, Southeastern Europe, Mediterranean, Near East, synergy, regulatory affairs, clinical trials, antiviral
INTRODUCTION
Plants are traditionally used, in different forms, for the treatment of diseases, since the Neolithic Era (Hardy, 2019). Different populations used native flora for the production of preparations, efficient in curing different diseases and conditions (Fabricant and Farnsworth, 2001). The Cretan area (KK, Crete and Karpathos floristic region) is such an example, as its evolutionary history preserved a very diverse flora, with more than 2000 indigenous species, including a high number of endemics (Dimopoulos et al., 2013). Cretan people abundantly use plants and greens in different aspects of their life. Cretan diet, a specific entity of the Mediterranean diet, uses a diversity of plants for culinary purposes (Renaud, 1995 and references herein), while a variety of plants are used as decoctions and infusions for recreational or medical purposes. We systematically analyzed the habits of a rural population in Crete and reported that use of different plant infusions, alone or in combination, resulted in a significant protection from common cold and influenza infections (Lionis et al., 1998). Based on this study, we have focused on three of the most efficient plants (Coridothymus capitatus, Salvia fruticosa and Origanum dictamnus) and developed a supplement, efficient at combatting upper respiratory tract infections (Duikler et al., 2015; Anastasaki et al., 2017). 
In this review, we analyze in depth the health benefits of these plants, their most prominent active compounds and their combination. In addition, we review our experience with the development of a nutraceutical product, discussing potential bottlenecks encountered during the process.
THE PLANTS
Taxonomy and Distribution
According to the Euro + Med plantbase, Coridothymus capitatus (L.) Reichenb. fil. is a dwarf-shrub. It is the only member of the monospecific genus Coridothymus. According to the Euro + Med plantbase (Accessed at June 2017), the name Coridothymus capitatus (L.) Reichenb. fil. is synonym of Thymbra capitata (L.) Cav., which is included in Kingdom–Plantae, Division–Tracheophyta, Subdivision–Spermatophytina, Class–Magnoliopsida, Superorder–Asteranae, Order–Lamiales, Family–Lamiaceae Lindl., Genus–Thymbra L.
Accepted name:Thymbra capitata (L.) Cav., Homotypic synonyms: Coridothymus capitatus (L.) Rchb. f., Origanum capitatum (L.) Kuntze, Satureja capitata L., Thymus capitatus (L.) Hoffmanns. & Link.
Salvia fruticosa Mill. is also a member of the Labiatae family. The taxon is included in Kingdom–Plantae, Division–Tracheophyta, Subdivision–Spermatophytina, Class–Magnoliopsida, Superorder–Asteranae, Order–Lamiales, Family–Lamiaceae Lindl., Genus–Salvia L.
Accepted name: Salvia fruticosa Mill, Heterotypic synonyms: Salvia baccifera Etl., Salvia clusii Jacq., Salvia cypria Unger & Kotschy, Salvia fruticosa subsp. cypria (Unger & Kotschy) Holmboe, Salvia fruticosa subsp. thomasii (Lacaita) Brullo and al., Salvia incarnata Etl., Salvia libanotica Boiss. & Gaill., Salvia lobryana Azn., Salvia marrubioides Vahl, Salvia ovata F. Dietr., Salvia sipylea Lam., Salvia subtriloba Schrank, Salvia sypilea Lam., Salvia thomasii Lacaita, Salvia triloba L. f., Salvia triloba subsp. calpeana (Dautez & Debeaux) P. Silva, Salvia triloba var. calpeana Dautez & Debeaux, Salvia triloba subsp. libanotica (Boiss. & Gaill.) Holmboe, Sclarea triloba(L. f.) Raf.
Origanum dictamnus L. is a local endemic of Crete, member of Labiatae family. The taxon is included in Kingdom–Plantae, Division–Tracheophyta, Subdivision–Spermatophytina, Class–Magnoliopsida, Superorder–Asteranae, Order–Lamiales, Family–Lamiaceae Lindl., Genus–Origanum L.
Accepted name: Origanum dictamnus L., Heterotypic synonyms: Amaracus dictamnus (L.) Benth., Majorana dictamnus (L.) Kostel., Heterotypic synonyms: Amaracus tomentosus Moench, Origanum dictamnifolium St.-Lag., Origanum saxatile Salisb.
Coridothymus capitatus is found throughout the Mediterranean region distributed in all Mediterranean countries with the exception of France. Salvia fruticosa is distributed in Italy, Sicily, and the eastern Balkans, including Cyprus, while Origanum dictamnus is local endemic of Crete (Fielding and Turland, 2005).
METHODOLOGY
In the context of this review, PubMed, Scopus and Google Scholar were used for the retrieval of the relevant bibliography. The following inclusion criteria were used for the systematic review of the three plants: articles published in English, articles concerning countries of the Mediterranean basin and also including Jordan, Syria, Iran and Iraq, as well as studies with the following keywords in their text: Coridothymus capitatus, Salvia fruticosa and Origanum dictamnus. The PRISMA flow diagram, presenting the results of our search, is depicted in Figure 1. The primary search identified 1,162 articles, plus 10 articles from other sources. After the implementation of the eligibility criteria, 26 articles were finally incorporated. Any evaluation of studies concerning the plant quality was out of scope and has not been included in this review.
[image: Figure 1]FIGURE 1 | PRISMA flow diagram for the ethnobotanical and ethnopharmacological data.
Concerning the synergistic interactions of the main constituents of the essential oil (see below) the review was carried out through a literature searching of the same databases using the following keywords in all fields: “synerg* AND (carvacrol OR eucalyptol OR 1,8-cineole OR beta-Caryophyllene).” The selection of manuscripts was based on the following criteria: articles published in English and articles where only documented synergy between pure substances was reported. The primary search identified 4,101 articles, with 1,538 from PubMed, 1,910 from Google Scholar and 653 from Scopus and after the implementation of the eligibility criteria, excluding the repetitions, 25 articles were finally included in the qualitative analysis.
ETHNOPHARMACOLOGICAL USES OF THE PLANTS
Coridothymus capitatus, Origanum dictamnus and Salvia fruticosa are renown since antiquity for their pharmaceutical properties (Karousou et al., 1998). The first two are included in the Dioscorides book “De Materia Medica.” Salvia fruticosa was introduced in the Iberian Peninsula for cultivation by Greeks and Phoenicians and elements of these cultivations can be discovered today in several parts of the Iberian coast (Rivera et al., 1994). O. dictamnus is also mentioned from the Minoan era, through the centuries from several physicians and philosophers including Asklepios, Euripides, Aristotle, Hippocrates, Theophrastus, Virgil and Galen (Vrachnakis, 2003).
Coridothymus capitatus is known in local cultures with several common names among which Spanish oregano, thyme, headed thyme, conehead thyme, agrio thymari (αγριο θυμάρι), thymari (θυμάρι), tomilho de Creta and tomilho de Dioscórides, Salvia fruticosa is known with the names Greek sage and faskomilo (φασκόμηλο), while Origanum dictamnus is known as diktamo (δίκταμο), dittany of Crete and dictamo de Creta.
The ethnobotanical and ethnopharamacological studies concerning the medical use of Coridothymus capitatus, Salvia fruticosa and Origanum dictamnus, as well as from studies on local herbal markets in Eastern Mediterranean region, are presented in Tables 1–3 respectively, together with the plant part and their mode of preparation/use.
TABLE 1 | Medicinal uses of Coridothymus capitatus derived from ethnobotanical and ethnopharmacological studies.
[image: Table 1]TABLE 2 | Medicinal uses of Salvia fruticosa derived from ethnobotanical and ethnopharamacological studies.
[image: Table 2]TABLE 3 | Medicinal uses of Origanum dictamnus derived from ethnobotanical and ethnopharmacological studies.
[image: Table 3]Based on this information, medicinal uses, in an ethnobotanical context, suggest that the three species have a highly antimicrobial and anti-inflammatory action. In addition, they are active against various targets and diseases, including diseases of the respiratory, digestive and urinary systems.
PHYTOCHEMICAL CONSTITUENTS
The essential oils of the three plants is produced from collected plant material, air dried in the dark, at room temperature (25°C) for 10 days. For analysis, after steam distillation, 1 ml of volatile oils were diluted with 2 ml of ether and filtered through anhydrous sodium sulfate to remove water traces and were stored at 4°C. Analysis was performed, as described previously (Duikler et al., 2015), by Gas Chromatography-Mass Spectroscopy (GC-MS, Shimadzu, QP 5050 A), with a MDN-5 column and a Quadrupole Mass Spectrometer as detector, after injection of 2 μL. The carrier gas was helium, the flow rate 0.9 ml/min. The sample was measured in a split mode procedure (1:35). For GS-MS detection an electron ionization system was used with ionization energy at 70 eV. The interested reader should refer to Duikler et al. (2015) for further analytical details.
The chemical constituents of the essential oils of the three plants, as well as their combination (1.5% v/v of pure essential oils in olive oil carrier), used in the context of upper respiratory tract infections are presented in details as Supplemental Material in Duikler et al. (2015). According to this description (see also Figure 2) carvacrol (52.7%) is the main constituent of the mixture, followed by eucalyptol (12.77%) and β-caryophyllene (3.41%). The compounds p-cymene, γ-terpinene, borneol and α-terpineol participate with concentrations 1.32, 1.17, 1.68 and 1.06% respectively, while the rest 15 compounds participate with less than 1% (Figure 2).
[image: Figure 2]FIGURE 2 | The main phytochemical constituents contained in the essential oil of plants discussed in this review. IUPAC names: 2-methyl-5-propan-2-ylphenol (carvacrol), 1,3,3-trimethyl-2-oxabicyclo [2.2.2] octane (eucalyptol), (1R,4E,9S)-4,11,11-trimethyl-8-methylidenebicyclo [7.2.0] undec-4-ene (β-Caryophyllene), 1-methyl-4-propan-2-ylbenzene (p-Cymene), 1-methyl-4-propan-2-ylcyclohexa-1,4-diene (γ-Terpinene), (1S,2R,4R)-1,7,7-trimethylbicyclo [2.2.1] heptan-2-ol (borneol), 2-(4-methylcyclohex-3-en-1-yl)propan-2-ol (α-Terpineol).
Carvacrol (5-isopropyl-2-methylphenol) is an aromatic monoterpene with molecular weight 150.2 g/mol. It is a constituent of many essential oils, especially those found in plants of the family Lamiaceae, where the Origanum vulgare subsp. hirtum (Link) (Kokkini and Vokou, 1989).
Eucalyptol (1,8-cineole) is a cyclic ether monoterpene (molecular weight 154.3 g/mol), which is found as a constituent of plant essential oils (its name is derived from its presence in essential oils of Eucalyptus globosus). It is also considered as a major monoterpene emitted by vegetation into the atmosphere (Guenther et al., 1994).
β-caryophyllene is a natural bicyclic sesquiterpene with molecular weight 204.4 g/mol that is a constituent of many essential oils, such as clove or rosemary oil (Bernardes et al., 2010).
Concerning the other compounds, p-cymene is a naturally occurring organic compound that is characterized as a hydrocarbon related to a monoterpene. Its molecular weight is 134.2 g/mol and it is a constituent of several essential oils, such as the oil of cumin (Allahghadri et al., 2010). γ-terpinene is a terpene with molecular weight 136.3 g/mol. It is a major component of essential oils made from Citrus fruits (Lücker et al., 2002). Borneol is a bicyclic monoterpene with molecular weight 154.3 g/mol containing exactly two rings which are fused to each other. α-Terpineol is a naturally occurring monoterpene alcohol, derived from several sources, including oil of pines. Terpineol, due to its pleasant odor (similar to lilac), is used as an ingredient in perfumes, cosmetics, and flavors (Kim and Chung, 2000).
USES OF PHYTOCHEMICAL CONSTITUENTS
Apart from the ethnobotanical and ethnopharmacological uses of plants mentioned above, several uses of the aforementioned phytochemical constituents are also documented:
Carvacrol
Carvacrol is the basic constituent of many essential oils, mainly of oregano species (Labiatae) (Kokkini and Vokou, 1989; Kirimer et al., 1995; Baydar et al., 2004; Stefanaki et al., 2016); it is characterized by its strong antioxidant properties (similar to those of vitamin E and ascorbic acid) (Mastelic et al., 2008). It is also known for its pronounced antimicrobial and antibacterial action (Suntres et al., 2015). The antimicrobial activity of several essential oils has been related to their content of carvacrol (García-Beltrán and Esteban, 2016), while, in a number of studies, the antimicrobial and the antibacterial action of the pure compound has also been investigated (Ben Arfa et al., 2006).
The antibacterial action of carvacrol extends to a variety of Gram-positive and negative bacteria (Kim et al., 1995; Rattanachaikunsopon and Phumkhachorn, 2010a; Ravishankar et al., 2010; Rivas et al., 2010). The compound acts as a transmembrane monovalent cation (hydroxyl proton for a potassium cation) exchanger (Suntres et al., 32,015). Therefore, in addition to its hydrophobic characteristics, allowing its accumulation in the membrane, the presence of free hydroxyls is essential for its antibacterial and antimicrobial activity (Ben Arfa et al., 2006).
An anti-inflammatory action of carvacrol is also documented (Landa et al., 2009; Hotta et al., 2010) and relies to the decreased production of inflammatory mediators, including cytokines, prostaglandins, enzymes, nitric oxide (NOS) and reactive oxygen species (ROS) (da Silva Lima et al., 2013). The authors suggest that carvacrol’s anti-inflammatory effects specifically induced IL-10 release, leading, subsequently, to the reduction of IL-1β and prostanoids production. In addition, it was reported that the inhibition of prostaglandin synthesis (Wagner et al., 1986) by carvacrol, is the basis of its antinociceptive activity. Additional mechanisms of antinociceptive actions of carvacrol include its agonistic activity for Transient Receptor Potential Vanilloid 3 (TRPV3), an ionic channel implicated in hyperalgesia and possibly skin sensitization (Xu et al., 2006). In addition, carvacrol activates and promptly desensitizes the specific sensor of environmental irritants TRPA1 ion channel/receptor (Xu et al., 2006).
Eucalyptol (1,8-Cineole)
1,8-cineole (cineole), also known as eucalyptol, is the principal constituent of most Eucalyptus oil-preparations. It is employed in drug preparations, as a percutaneous enhancer and anti-inflammatory agent, decongestant and antitussive, while in aromatherapy it is used as a skin stimulant (Santos and Rao, 2000; Yuan et al., 2006).
Juergens et al. (2004), reported that 1,8-cineol inhibited Th1/Th2-associated cytokine production by human lymphocytes and monocytes. This anti-inflammatory action resulted in a subsequent inhibition of cytokine-induced airway mucus hypersecretion.
1,8 cineole is also known for its analgesic action (Guimarães et al., 2013). Santos and Rao (2000) suggested that the potent anti-inflammatory action of the compound was associated with an outstanding peripheral analgesic effect. They also suggested that 1,8- cineole-induced analgesic effects are not associated to neuronal toxicity, while Khalil et al. (2004) documented that 1,8-cineol, in a concentration-dependent manner, acted directly on sensory nerves and blocked nerve excitability (Lima-Accioly et al., 2006; Guimarães et al., 2013), through a direct activation of TRPM8 channels, which is a specific heat/cold receptor. TRPM8 activation in sensory nerves by 1,8-cineole, produced a specific analgesic effect, in cases of peripheral nerve injury (Proudfoot et al., 2006).
β-Caryophyllene
β-caryophyllene is a widespread plant volatile compound, which is a selective ligand of the CB2 cannabinoid receptor, specifically related to analgesia and inflammation, and devoted of psychotropic actions, mediated by CB1 (Gertsch et al., 2008; Klauke et al., 2014). Therefore, CB2 receptor-selective agonists, like β-caryophyllene, are potential analgesic drug candidates, in various types of pain (such as neuropathic pain) (Guindon and Hohmann, 2008; Kinsey et al., 2010).
p-Cymene
p-cymene is a precursor of carvacrol. It has an antimicrobial action per se, but it is less effective than carvacrol, when used alone (Kiskó and Roller, 2005), because p-cymene lacks a hydroxyl group, which is an important radical for the antimicrobial activity (Ultee et al., 1999; 2002). p-cymene also demonstrated an enhanced antinociceptive action in animal models of neurogenic and inflammatory pain (Guimarães et al., 2013).
γ-Terpinene
The antimicrobial activity of γ-terpinene is debatable, with positive (Sato et al., 2007) and negative (Sivropoulou et al., 1996) reports, against strains of Gram-positive or Gram-negative bacteria.
Borneol
Borneol is a known medicinal substance in Chinese and Indian traditional medicine. Borneol and its derivatives, possess antimicrobial (Corrêa et al., 2012), anti-inflammatory (Ehrnhöfer-Ressler et al., 2013) and antiviral activity. It also posesses a highly stimulatory action at GABAA receptors (Granger et al., 2005; Manayi et al., 2016). GABA is the predominant inhibitory transmitter in the mammalian central nervous system and stimulation of GABAA receptors produces anxiolysis, sedation, anesthesia and myorelaxation (Chebib and Johnston, 2000).
Borneol also expressed topical analgesic action. Wang et al. (2017), providing evidence for a topical analgesic efficacy in humans; TRPM8 was identified as its main molecular target. Moreover, borneol demonstrated anti-thrombotic effects, related to its anticoagulant properties (Li et al., 2008; Chen et al., 2015), possibly related to its potent modulation of the nitrite/nitrate reductase activity (Tang et al., 2009).
α-Terpineol
α-terpineol is characterized by a moderate antibacterial activity, with a broad antibacterial spectrum. It is worth mentioning that a-terpineol showed antibacterial activities against penicillin-resistant bacterial strains (Kotan et al., 2007).
α-terpineol exerts central and peripheral antinociceptive activity (Quintans-Júnior et al., 2011). It also inhibits NF-κB and subsequently down-regulats the expression of proinflammatory IL-1β and IL-6 cytokines (Held et al., 2007; Hassan et al., 2010), mainly explaining the compound’s antinociceptive and anti-inflammatory properties (Oliveira et al., 2012).
α-terpineol also exhibited a gastroprotective action in ethanol-induced gastric ulcers (Souza et al., 2011) and beneficial effects in the cardiovascular system (Ribeiro et al., 2010). The proposed mechanism of action included endothelial NO-related vasorelaxation and activation of the NO–cGMP pathway.
REGISTERED MEDICAL APPLICATIONS
A series of clinical studies (most of them double-bind placebo-controlled trials, Table 4) evaluated the efficacy of 1,8-cineol (eucalyptol), in several medical issues. 1,8-cineol (eucalyptol) is a licensed medicinal product in Germany, since many years, in intestine-soluble capsules, for the treatment of acute and chronic bronchitis, sinusitis, respiratory infections and rheumatoid-like joint diseases (Juergens et al., 2003; Guimarães et al., 2013).
TABLE 4 | Clinical studies concerning the evaluation of efficacy of the main constituents of essential oil preparation from Thymbra capitata (L.) Cav., Salvia fruticosa Mill. and Origanum dictamnus L., in several medical conditions.
[image: Table 4]Borneol and p-cymene have also been subjects of clinical studies for induced analgesia and treatment of the Fish Tapeworm disease respectively (Vartiainen, 1950; Wang et al., 2017).
SYNERGY OF PHYTOCHEMICAL CONSTITUENTS
According to a classical definition, synergy occurs when the combined effect of two or more substances is greater than the sum of the individual agents (Breitinger, 2012). When the registered effect is an add up of individual actions, the action is reported as additive. Recently, the definition of synergy has been clarified from two points of view, the pharmacodynamic (enhanced therapeutic actions on the same target) and pharmacokinetic (no direct interaction but a multi-target behavior) (Yang et al., 2014; Zhou et al., 2016). The main reason of employing combinations of active substances with synergistic interactions is to reduce the administered amount of each compound and to increase the biological activity of a preparation/mixture against a specific target. In addition, this strategy diminishes the chance of pharmaceutical resistance of the pathogenic organism (Araújo et al., 2016).
Synergistic interactions were known for specific substances long time ago. For example, Barbaste et al. (2002) proposed a “cascade” reaction from lipophilic to hydrophilic antioxidants, enhancing their biological effects, while Vardar-Ünlü et al. (2003) suggested that the crude essential oil of Thymus pectinatus var pectinatus was more effective as antioxidant (DPPH assay) than its main active components (thymol and carvacrol). Testing the antioxidant activity of thymol, carvacrol and p-cymene, Milos and Makota (2012) showed synergistic effects in any combination of any two of the above compounds. Moreover, p-cymene, the precursor of carvacrol was found to enhance the bactericidal activity of carvacrol when used in combination (Kiskó and Roller, 2005; Rattanachaikunsopon and Phumkhachorn, 2010b). Synergistic effects of p-cymene have also been reported in relation to thymol and γ-terpinene (Dauqan and Abdullah, 2017).
Synergistic interactions of carvacrol, eucalyptol (1,8-cineole) and β-caryophyllene are presented in Table 5. Synergy was also reported between carvacrol and other minor constituents, such as, p-cymene, carvacrol and thymol. Eucalyptol also appeared to have synergistic effects with other constituent, including camphor, terpinene-4-ol and caryophyllene oxide. Additionally, synergy was also reported between minor constituents, such as between camphor and p-cymene.
TABLE 5 | Synergistic interactions of carvacrol, eucalyptol and β-Caryophyllene. Synergistic interactions of minor constituents of the essential oil reported in the same articles are also reported.
[image: Table 5]SAFETY ISSUES
Carvacrol, eucalyptol and β-caryophyllene, p-cymene, γ-terpinene, borneol and α-terpineol have been approved by the Food and Drug Administration (FDA) for food use (Code for Federal Reguation: 21CFR172.515). Moreover, the European Commission Implementing Regulation (EU No 872/2012) of October 1, 2012, based on the evaluations of EFSA, included carvacrol, eucalyptol and β-caryophyllene, in the Union’s List of Flavorings and Source Materials (Table 6). Their use is therefore permitted, in accordance with good agricultural and manufacturing practices and without given specific restrictions. This EU list takes also into consideration the reports of the Chemical Abstracts Service (CAS), the Joint FAO/WHO Expert Committee on Food additives (JECFA) and the Council of Europe. The rest of the constituents included in the essential oil’s composition of the mixture of Coridothymus capitatus, Salvia fruticosa and Origanum dictamnus (Duikler et al., 2015), are also included in the same list, concerning Food supplements among others, as defined in Directive 2002/46/EC of the European Parliament and the Council, excluding food supplements for infants and young children.
TABLE 6 | Chemical constituents of herb essential oil preparations, which are included in the Union List of Flavourings and Source Materials (Commission Implementing Regulation (EU) No 872/2012 of October 1, 2012) based on EFSA and/or JECFA evaluations.
[image: Table 6]However, in addition to these beneficiary compounds, the extract of the three aromatic plants includes also 0.74 and 0.52% of cis- and trans-thujone respectively (Duijker et al., 2015). Alpha and beta thujone are, according to the Regulation EC No 1334/2008 of the European Parliament and of the Council of December 15, 2008, among the substances which shall not be added as such, to food or food supplements. Maximum concentrations of thujone, naturally present in flavorings and food ingredients with flavoring properties, have been introduced. According to Regulation EC No 1334/2008, “The maximum levels shall not apply where a compound food contains no added flavourings and the only food ingredients with flavoring properties which have been added are fresh, dried or frozen herbs and spices. After consultation with the Member States and the Authority, based on data made available by the Member States and on the newest scientific information, and taking into account the use of herbs and spices and natural flavoring preparations, the Commission, if appropriate, proposes amendments to this derogation.” EMA/HMPC (2010) reported that exposures in the range between 3 and 7 mg/day do not pose special concerns. For higher concentrations, a case-by-case benefit/risk assessment is necessary (Lachenmeier and Uebelacker, 2010; Pelkonen et al., 2013; Sotiropoulou et al., 2016). Finally, Dettling et al. (2004) showed that a single dose of 0.28 mg/kg in men (20 mg/70 kg) and of 0.24 mg/kg (17 mg/70 kg) in women provided “borderline relevance” of adverse effects, mainly related to perturbations in driving, operating machinery, etc.
A CASE STUDY OF THE USE OF PLANT EXTRACTS AS A PHARMACEUTICAL PRODUCT: LESSONS LEARNED
The idea of using herb extracts for the treatment of upper respiratory infections was raised several years ago, when epidemiological observations revealed that people who consumed certain herbs infusions had low rates of respiratory infections and rarely suffered from common colds or influenza infections. The efficacy of the selected herbs was attributed to their antioxidant properties (Lionis et al., 1998). After years of in vitro and in vivo research, an essential oil combination was developed, based on the extracts of the three plants discussed in the present review (Coridοthymus capitatus, Salvia fruticosa and Origanum dictamnus) in extra-virgin olive oil (Duijker et al., 2015); we showed that this combination exerted a synergistic effect against viral upper respiratory tract infections, including influenza (Anastasaki et al., 2017). Moreover, an in vitro study revealed that this combination exhibited a remarkable direct antiviral activity against influenza A/H1N1 viral strains, influenza B and human rhinovirus 14 (HRV14), related to a defective trafficking of influenza A Nucleoprotein (NP) (Tseliou et al., 2019). In this respect, the “one drug, one target, one disease” approach (Zhou et al., 2016) was “violated.” Indeed, the combinatorial use of herbal preparations resulted in an synergistic effect, beyond the reported properties of each plant. Hence, here we address the case of the development and commercialization of a product, containing this essential oils’ combination.
The scheme of the translational chain, from the step of biodiversity to the development of a commercial product, is presented in Figure 3. The first edge of the chain, leading from a plant extract to a final product, relies on the choice of plants, as well as the choice of secondary metabolites, whose biological activity is expected to ensure the desired health benefit (drug design). For example, the preparation containing the essential oils of Thymbra capitata (L.) Cav., Salvia fruticosa Mill. and Origanum dictamnus L. avoided plant extracts rich in alkaloids, as preliminary (Lionis et al., 1988) and clinical (Duijker et al., 2015) or laboratory evidence (Tseliou et al., 2019) documented a potent health benefit of the preparation.
[image: Figure 3]FIGURE 3 | The flow-chart of a translational chain development.
Another part of the continuum is related to the implementation of a clinical study, which is one of the main obstacles in the translational process. In the presented case, it was valuable not only for the demonstration of an antiviral action, but also for the evaluation of the amelioration of the symptoms of the disease, due to supplementary actions of the substances involved in the combination of essential oils.
The supply of raw material is an important part of the translational chain. It is well known that several restrictions rule the natural collections (harvests) and trade of herbs and spices, especially within the framework of the EU environmental policy, as well as within the framework of the United Nations Convention on Biological Diversity. For example, 232 medicinal and aromatic plant species are listed on Appendix II of CITES, which regulates the international trade in endangered species. Worldwide, the increased needs for medicinal plants, in combination with the strengthening of the regulatory framework for their collection and trade, have caused supply constraints of medicinal plants of high ethnopharmacological interest, which introduced a serious constrain in the development and commercialization of plant-derived products (Amirkia and Heinrich, 2014). In the presented case, the plants are cultivated under controlled and monitored conditions, while local farmers have an important income from this agricultural activity. This activity constitutes a viable developmental axis for the local communities.
Recently, a new tool based on Ecological Niche Modeling has been developed, in order to support local farmers in the decision-making process, concerning the suitability of the area where their land is located, for cultivation of medicinal taxa of high ethnopharmacological interest (Bariotakis et al., 2019). A web-based, easy-to-use application was created in the framework of precision agriculture, where the predicted suitability scores for each area of interest can be made accessible to anyone, by the use of its GPS coordinates. So, in our case, the raw material is produced from organic farming, with Global GAP and precision agriculture.
Finally, it should be clear that the continuum in plant-based drug development, is not terminated at the step of release on the market. A follow-up of the final product, after its market release and additional supporting research is necessary. In the example case presented here, a follow up was made through a pragmatic prospective observational study (Anastasaki et al., 2017). In our opinion, this “supporting research” step is necessary as, in many cases, there are further research queries which need clarification even after the pharmaceutical evidence of an essential oil combination. In the example case, the effectiveness of the combination of essential oils in humans was documented (Duijker et al., 2015), but the mode of biological action was not understood. Limited in vitro data was available with ongoing research (Tseliou et al., 2019), providing a possible mechanism, at a cellular level.
In summary, two main lessons emerged from the development of a new pharmaceutical product: The first is resumed in the words “mind the gap,” a well-known phrase from the London underground, as it reveals the necessity of the bridging between successional steps, or successional links of the translational chain. The second concerns the time lag in bridging some successional steps. Indeed, in practice, many subsequent successive steps are fulfilled before others, imposing several loops in the development of the final preparation, which should be treated and resolved accordingly.
However, in spite of the successful use of the three plants, further research is required, in order to decipher additional multi-target action(s), in view of supplementary beneficial effects, which need to be investigated/screened not only in vitro but also in preclinical and clinical studies in the context of Evidence Based Medicine (Stavrou et al., 2013). The results of this screening are expected to clarify whether the ethnopharmacological gap, between reported traditional uses in ethnobotanical studies and the tested properties, is due to a noise of data collection in ethnobotanical practice or reflects underline biological activities, which should be incorporated in the formal therapeutic practice. Moreover, there are no preclinical or clinical evidence about the exposure of sensitive groups (i.e., pregnant women, children, etc.).
A logical subsequent step might be the development a drug, instead of a dietary supplement. A number of items are required for this shift, especially: 1) the repetition of phase I/II trial, with a greater number of participants, together with a detailed pharmacokinetic study of the major active compounds; 2) the performance of a phased III trial. Phase III studies, undertaken in large numbers of patients, often in multiple centers, assess real outcomes in a variety of patients, approximating the global population of patients, who will receive the drug. Their aim is to compare new treatments with existing ones and to demonstrate long-term safety and tolerance (Hobbs and McCarthy, 2009).
Finally, taking into consideration reported variability of the plants’ chemical fingerprint, at least in two of the three native Cretan herbs, which have been used for the development of the active extract (see Karousou et al., 2000; Karousou et al., 2005), it becomes clear that the biological variability in nature does not conform to the requirements for stability in the composition required by market regulations. Thus, further study is suggested concerning the interaction of environmental, chemical, genetic and epigenetic factors, for the quality assurance process. Last but not least, further studies on the cultivation and storage of the above species are required for the standardization and quality control measures, along the whole supply chain.
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Aim of the study: Both nasal and bronchial epithelial cells have evolved sophisticated mechanisms involved in cellular response to bacterial infection. Recognition of pathogens by TLR receptors activate the NF-κB transcription factor, and lead to production of wide spectrum of cytokines (TNF-α, IL-1β, IL-6 and IL-8). Released by epithelium proinflammatory cytokines intensify migration of macrophages to damaged tissues and modulate their pro-inflammatory functions. Based on traditional use of G. squarrosa aerial parts we hypothesized that successful treatment of cold-related diseases may arise from modulation of the pro-inflammatory functions of respiratory epithelium and human monocytes/macrophages. The biological activity of G. squarrosa extract and grindelic acid were compared with clarithromycin and budesonide used as positive controls.
Methods: The expression of surface receptors (TLR-4, IL-10) and expression of adhesive molecules (ICAM-1, VCAM-1, E-selectin) was analyzed with flow cytometry. The macrophage attachment to the epithelial cells was assessed fluorimetrically. The p65 NF-κB concentration and cytokine production was measured spectrophotometrically using enzyme-linked immunosorbent assay. Antibacterial activity was examined by the standard disc-diffusion method and serial dilution method according to CLSI guidelines.
Results:G. squarrosa extract and grindelic acid had no antimicrobial effect. However, we noticed significant modulation of pro-inflammatory functions of LPS-stimulated nasal and bronchial epithelium. G. squarrosa extract treatment resulted in decrease of TLR-4 expression and p65 NF-κB concentration and inhibition of cytokines synthesis (IL-8, TNF-α, IL-1β and IL-6) in both cellular models. Additionally, G. squarrosa extract slightly modulated ICAM-1 expression affecting on attachment of macrophages to epithelium. Only G. squarrosa extract was able to stimulate the anti-inflammatory functions of macrophages by inducing TGF-β release and IL-10 receptor surface expression. Grindelic acid, identified as a dominant compound in the plant extract, modulated pro-inflammatory functions of epithelium and macrophages slightly.
Conclusion: The obtained results support traditional use of Grindelia squarrosa preparations for a treatment cold-associated diseases symptoms. In our opinion, the observed biological effect of extract may be a consequence of synergistic effect of all compounds present in the extract.
Keywords: Grindelia squarrosa, grindelic acid, inflammation, cold syndrome, respiratory epithelium, macrophages
INTRODUCTION
Common cold is one of the most common occurring acute illnesses in humans. In a large-scale survey, 25% of all those questioned in the United Kingdom had suffered from 3 to 6 colds during the previous year and 73% reported having a common cold at least once during this period. The similar tendency is observed in Germany and United States. The acute episode of a cold is starting with viral infection and may be accompanied by bacterial superinfection. The most common bacterial isolates from people with cold syndromes include Gram-positive strains, such as Streptococcus pneumoniae responsible for pharyngitis, bronchitis or pneumonia (Klugman and Feldman, 2001); Staphylococcus aureus responsible for pharyngitis and epiglottitis, Hemophilus influenzae, which occupy a similar microenvironment within the nasopharynx as Streptococcus pneumoniae (Erwin and Smith, 2007), and other opportunistic organisms as Escherichia coli (Mizgerd, 2008).
Common cold treatment is mostly directed towards relief of symptoms. The infection results in development of full-symptomatic inflammation and overproduction of cytokines. Currently accepted cold treatment strategies focus on suppression of inflammation by anti-inflammatory drugs. Treatment may be enhanced by inclusion of antibiotic therapy. However, using antibiotics bring benefits only for the treatment of secondary bacterial infections. The valuable approach in the cold treatment may be strengthen immune system in order to prevent the uncontrolled progression of inflammation, but also protection of the respiratory epithelium against excessive damage.
Because airway epithelial cells are a border line between external and internal environment, they are particularly vulnerable to damage. Epithelial cells express a wide spectrum of receptors, such as Toll-like receptors. TLRs identify pathogen-associated molecular patterns (PAMPs), and initiate the appropriate cellular response. Among known TLRs, TLR-4 is the main LPS receptor (Zusso et al., 2019). Binding the LPS results in the activation of downstream mediators, including the transcription factor nuclear factor NF-κB, which stimulates the production of pro-inflammatory cytokines (IL-1β, TNF-α and IL-6) (Spiegler et al., 2020). Released cytokines intensify migration of macrophages to the site of infection. The released cytokines modulate adhesion molecules expression (ICAM-1, VCAM-1 and E-selectin) on the respiratory epithelium, thus mediate direct emigration of macrophages across the endothelial and epithelial barriers that separate the bloodstream from the pulmonary air spaces (Martin et al., 1992; Martin, 2000; Puneet et al., 2005). The infiltrated macrophages are activated and released wide spectrum of inflammatory mediators: reactive oxygen species (ROS), cytokines (TNF-α, IL-6, TGF-β), and modulate expression of membrane receptors such as IL-10 (Michalak et al., 2018).
According to World Health Organization (WHO) guidelines, over 90% of the population of developed and developing countries, uses the wealth of phytomedicine. Grindelia squarrosa well-known in South America, Asia and Europe is still sold as complex preparations (liquid extracts, syrups) for treating cough and bronchitis (Strzelecka, 2000). According to European Medicines Agency (EMA) there are various types of preparations: tincture or herbal tea (Table 1). The toxicity of this plant to humans is negligible, what intensified the traditional use of the herb (Goetz, 2005).
TABLE 1 | The forms of G. squarrosa extract administration.
[image: Table 1]The Grindelia is valuable source of biologically active compounds (Capasso et al., 2003). The aerial parts of G. squarrosa are a rich source of diterpenes. It contains grindelic, 6-oxygrindelic, 18-hydroxy-6-oxygrindelic, 7-alpha-oxodihydrogrindelic and 8-alpha-oxodihydrogrindelic acids. As dominant diterpene was identified grindelic acid, which may consist of 20–60% of grindelia resin and up to 6% of dry plant material (Johnson, 1887; Efferth and Koch, 2011; Nowak and Rychlińska, 2012; Veres et al., 2014). The plant also contains flavonoids, phenolic acids, an essential oils, polyacetylenes and saponins (Veres et al., 2014).
Although G. squarrosa extracts are present at pharmaceutical market, there is still lack of studies fully explaining their anti-microbial and anti-inflammatory properties. In present study, we have evaluated influence of Grindelia squarrosa extract on pro-inflammatory functions of LPS-stimulated nasal and bronchial epithelial cells and macrophages. We highlight new anti-inflammatory properties of the extract, and explain how G. squarrsa extract modulates the epithelium response to LPS.
MATERIALS AND METHODS
Chemicals
Normal Human Bronchial Epithelial Cells (NHBE) and Bronchial Epithelial Cell Growth Medium were obtained from Lonza (Switzerland). Primary Human Nasal Epithelial Cells (HNEpC) and Airway Epithelial Cell Growth Medium were obtained from Promocell (Germany). Grindelic acid (purity ≥95% (LC/MS-ELSD)), clarithromycin (purity ≥95% (HPLC)), budesonide (purity ≥98% (HPLC)), LPS (from Escherichia coli 0,111:B4), Ficoll Hypaque gradient, GM-CSF, HEPES buffer, l-glutamine, RPMI 1640 medium, Fetal bovine serum (FBS), Cell Dissociation Solution (non-enzymatic), Accutase™, propidium iodide and Calcein-AM were purchased from Sigma-Aldrich Chemie GmbH (Steinheim, Germany). TLR-4-(PE)-conjugate (cat no. HTA125) was obtained from eBioscience. Human Quantikine ELISA Kits were purchased from R&D System (Minneapolis, USA). Anti-Human CD54-(-APC) (cat no. 559771), Anti-Human CD106-(-PE) (cat no. 555647), Anti-Human CD62E-(-PE) (cat no. 551145) were purchased from BD Pharmingen.
Plant Material and Phytochemical Analysis
The plant material Grindelia squarrosa (Pursh) Dunal (http://www.theplantlist.org/tpl1.1/record/gcc-87994) was collected in July 2018 in Lublin Medicinal Plant Garden, Department of Pharmacognosy with Medicinal Plant Unit, Medical University of Lublin (51°15′22″N, 22°33′51″E) were the voucher specimen is deposited (27a/13).
The air-dried plant material (5 g) was extracted with 60% ethanol (v/v, 1:10) in a water bath (70 °C) for 1 h three times. Then, combined extracts were filtered, the ethanol was evaporated, and the water residue was lyophilized. The phytochemical characterization was performed using UHPLC-DAD-ESI-MSn analysis (UHPLC-3000 RS system, Dionex, Germany) with DAD detection and an AmaZon SL ion trap mass spectrometer with an ESI interface (Bruker Daltonik GmbH, Bremen, Germany). Separation was performed on a Zorbax SB-C18 column (150 × 2.1 mm, 1.9 μm) (Agilent, Santa Clara, CA, United States). The mobile phase consisted of 0.1% HCOOH in water (A) and 0.1% HCOOH in MeCN (B) using the following gradient: 0–60 min 5–100% B. The LC eluate was introduced into the ESI interface and compounds were analyzed in negative ion mode (for phenolic acids and flavonoids) and with positive ion mode (for diterpenes) with the following settings: nebulizer pressure of 40 psi; drying gas flow rate of 9 L/min; nitrogen gas temperature of 300 °C; and a capillary voltage of 4.5 kV. The mass scan ranged from 100 to 2,200 m/z. UV spectra were recorded in the range of 190–350 nm. The characterization of substances in the extract was performed by comparing the retention times and spectra (UV, MS, MSn) with published data.
Isolation of grindelic acid (GA). The plant material (50 g) was extracted three times with 60% ethanol (1:20) at 70 °C for 2 h each time. The ethanol from combined extracts was evaporated under reduced pressure, and the aqueous residue was then extracted four times with ethyl acetate (150 ml). The ethyl acetate residue (5.2 g) was subjected to Sephadex LH-20 column chromatography (80 × 2.5 cm) and eluted 70% MeOH to obtain four main fractions of 0.236 g (F1), 0.805 g (F2), 1.062 g (F3) and 0.480 g (F4), respectively. Fraction F4, containing GA, based on TLC analysis with comparison with standard, was separated on a Silica gel column (55 × 2.5 cm; 100–200 μm) with CHCL3-MeOH gradient (100:0 → 90:10) in seven steps. Ten fractions of 25 ml each were pooled into six main fractions (F4_1-F4_6) based on their TLC profiles. From fraction F4_1 (0.22 g) GA (152 mg), was isolated using Silica gel column (55 × 2.5 cm; 0.63 μm) and CHCL3 as eluent. The structure of GA was confirmed by their 1H and 13C NMR spectra, which were compared with reference data (Reta et al., 2013).
Preparation of Solutions of Extract and Compounds for Bioassays
For all experiments G. squarrosa extract and isolated grindelic acid were used as described above. Extract was dissolved in DMSO (10 mg/ml stock solution) and tested at a concentration range 25–100 µL. Grindelic acid was dissolved in DMSO (10 mM stock solution) and tested at a concentration range of 10–50 µM. The final concentration of DMSO was adjusted to 0.1% (v/v) in culture media.
Antimicrobial Properties of G. squarrosa Extract and Grindelic Acid
Both Gram-positive (Streptococcus pneumoniae ATCC 49619 and Staphylococcus aureus ATCC 25923 ATCC 29213) and Gram-negative (Haemophilus influenzae ATCC 49247) bacteria strains were tested in this study.
Sensitivity of selected bacteria strains was examined by the standard disc-diffusion method according to CLSI (previously NCCLS) guidelines (Watts, 2008). The results (diameter of the growth inhibition zone) were read after 18 h of incubation at 35 °C. Minimal Inhibitory Concentrations (MIC) were evaluated by the two fold serial microdilution method (in 96-well microtiter plates) using Mueller-Hinton Broth medium (Beckton Dickinson) according to CLSI guidelines (Bandi and Kompella, 2001; Watts, 2008).
Primary Human Nasal Epithelial Cells (HNEpC) Culture and Stimulation
HNEpC cells (passage fourth to sixth), were seeded on 12-well plates, 1.5 × 105 cells per well in Airway Epithelial Cell Growth Medium supplemented with 6% Fetal Bovine Serum. The confluent cells were treated with extracts/compounds and then used for experiments.
Normal Human Bronchial Epithelial (NHBE) Culture and Stimulation
NHBE cells (passage fourth to sixth), were seeded on 12-well plates, 1 × 105 cells per well in Bronchial Epithelial Cell Growth Medium. The confluent cells were treated with extracts/compounds and then used for experiments.
Isolation of Human Monocytes and Stimulation
Monocytes were isolated immediately after collection using a Ficoll Hypaque gradient (Dudek et al., 2017). The mononuclear cell band was removed by aspiration, and cells were suspended in RPMI 1640 medium with 2 mM l-glutamine, 10 mM HEPES, antibiotics and autologous serum (5%). To promote the adherence of monocytes/macrophages, the peripheral blood mononuclear cell suspension was placed in 12-well tissue culture plates (2 × 106 per well) and incubated for 2 h at 37 °C under humidified 5% CO2 air. After the incubation, nonadherent cells were removed, and adherent cells were cultured with RPMI 1640 medium supplemented with heat-inactivated fetal bovine serum (FBS, 10%) and granulocyte macrophage-colony stimulating factor (GM-CSF, 10 ng/ml) for 7 days to induce differentiation to macrophages. The medium and autologous serum were replaced every 2 days.
Determination of Cytotoxicity by PI-Staining
Cytotoxicity of the tested extract and compounds was determined by PI-staining. Cells were treated with the compounds for 24 h, centrifuged (1,500 RPM; 5 min; 4 °C) and re-suspended in 300 µL of PBS. 5 µL of PI (50 μg/ml) solution was added to the cell suspensions and incubated 10 min in the dark. Cytotoxic effects of the extract and compounds were measured by BD FACS LSR Fortessa flow cytometer (BD Biosciences, San Jose, CA, United States) by recording 10,000 events per sample and analyzed with FlowJo V10 software. Cells that displayed high permeability to PI were expressed as percentage of PI(+) cells.
Expression of TLR-4 Receptor on Nasal and Bronchial Epithelium
Influence of the tested extract and compounds on the TLR-4 receptor expression was determined by flow cytometry measurement. After 1 h extract- or compounds pretreatment cells were stimulated with LPS for 15 min, and centrifuged (1500 RPM; 10 min; 4 °C). After removing supernatants, cells were re-suspended in 300 μL PBS and labelled with monoclonal antibodies against TLR-4 (eBioscience, United States). The TLR-4 expression was measured by BD FACS LSR Fortessa flow cytometer (BD Biosciences, San Jose, CA, United States) by recording 10,000 cells per sample and analyzed with FlowJo V10 software.
TNF-α, IL-1β, IL-6 and IL-8 Production
Epithelial cells were pretreated with the G. squarrosa extract (at concentration range 25–100 μg/ml) or grindelic acid (at 10–50 μM) for 1 h at 37 °C, and then they were stimulated with LPS (1 μg/ml) for 24 h. Afterwards, cells were centrifuged (1500 RPM; 10 min; 4 °C) and collected supernatants. The total amount of released cytokines was measured by enzyme-linked immunosorbent assay (ELISA) following the manufacturer’s instructions (BD Biosciences, United States). The results were expressed as percentages of the released agents from samples compared to the LPS-stimulated control.
p65 NF-κB Concentration in Nasal and Bronchial Epithelium
Epithelial cells were pretreated with the G. squarrosa extract (at concentration range 25–100 μg/ml) or grindelic acid (at 10–50 μM) for 40 min at 37 °C, and then they were stimulated with LPS (1 μg/ml) for 20 min. The protein isolation was provided as we describe previously (Gierlikowska et al., 2020b). Cells were washed with ice-cold PBS, suspended in hypotonic buffer (5 mM NaF, 0.1 mM EDTA, 20 mM HEPES, 10 µM Na2MoO4), and then centrifuged. The nuclear pellets were lysed with freshly-prepared buffer supplemented with protease inhibitor cocktail and left on ice for 30 min. Pellets were centrifuged for 15 min 2.500 RPM and kept at −80 °C for further analysis.
The protein concentration was measured with Bradford-based method following manufacturer’s protocol. 10 µg of nuclear fraction was transferred on 96-well plate provided by manufacturer. Then, primary antibody (1:1,000 dilution) was added on plate for 1 h, then washed 3 times and incubated with HRP-conjugated secondary antibody (1:1,000 dilution) for additional 1 h. After incubation, plate was washed 3 times and reaction was stopped by adding developing solution and stop solution, respectively. The concentration of NF-κB p65 was measured spectrophotometrically at 450 nm.
Expression of ICAM, VCAM and E-Selectin on Respiratory Surface
Cells were pre-incubated with extract or compounds for 1 h and then stimulated with LPS (1,000 ng/ml, for 24 h). Cell monolayers were washed with PBS and suspended in 200 μL of accutase. After 10 min incubation at 37 °C, the cells were harvested, centrifuged (1500 RPM; 10 min; 4 °C) and suspended in 300 µL of PBS. Cells were labelled with 5 μL of anti-human CD54 (ICAM-1), anti-human CD106 (VCAM-1) or anti-human CD62E (E-selectin).
The expression of adhesive molecules was analyzed by BD FACS LSR Fortessa flow cytometer (BD Biosciences, San Jose, CA, United States) by recording 10,000 cells per sample and analyzed with FlowJo V10 software. The effect on the surface expression of adhesion molecules was evaluated based on a software-generated marker histogram M1 for LPS stimulated cells.
The Attachment of Macrophages to Epithelial Cells
Epithelial cells were pretreated with extract or compounds for 1 h and then stimulated with LPS (1,000 ng/ml, for 24 h). Cell monolayers were washed, suspended in 200 μL of RPMI 1640 medium and added 100 μL of 1 mM calcein-AM labelled macrophages (1×106) as described previously (Michalak et al., 2018). Before calcein labelling, macrophages were stimulated with LPS (100 ng/ml) for an 30 min, and then incubated with epithelial cells for additional 30 min. The cell monolayers with attached macrophages were lysed with 0.1% Triton X-100, and fluorescence was measured in a microplate reader at 485 nm excitation and 520 nm emission.
Expression of IL-10 Receptor on the Macrophage Surface
Macrophages were stimulated with LPS (100 ng/ml for 1 h) and treated with the extract or compounds for 24 h. Subsequently, cells were centrifuged (13,000 RPM, 4 °C, 1 min), suspended in 300 μL of PBS and labelled with antibodies against IL-10. The IL-10 expression was measured by BD FACS LSR flow cytometer (BD Biosciences, San Jose, CA, United States) by recording 10,000 cells per sample and analyzed with CellQuest Pro software. The results were expressed as percentages of cells expressing IL-10 receptor in comparison to control cells stimulated by LPS.
TGF-β, IL-6 and TNF-α Production by Macrophages
Macrophages were cultured in 12-well plates in the presence of LPS (100 ng/ml, 1 h) and then treated with tested extracts/compounds for 24 h at 37 °C with 5% CO2. After 24 h, cells were harvested and centrifuged (2,000 RPM; 10 min; 4 °C). The amounts of released cytokines were measured by ELISA following the manufacturer’s instructions (BD Biosciences, United States). The effect on cytokine production was calculated by comparing the percentages of the released agent to the control cells, which were stimulated but were not exposed to the test compounds.
Statistical Analysis
The results were expressed as the mean ± SEM from three independent experiments assayed in triplicates. All analyses were performed using Statistica 13.1 software. GraphPad Prism (version 5.01) was used to plot data. The statistical significance of the differences between means was established by ANOVA with Dunnett’s post hoc test. p values below 0.05 were considered statistically significant.
RESULTS
G. squarrosa Extract Phytochemical Characterization and Grindelic Acid Isolation
The phytochemical analysis of G. squarrosa extract was performed using a UHPLC-DAD-ESI-MSn method. We confirmed the presence of polyphenolic compounds which are characteristic for Astearaceae family such as caffeoyl quinic acid and dicaffeoyl quinic acids, as well as luteolin and apigenin derivatives (Figure 1; Table 2). As for Grindelia genus the presence of diterpenes is distinctive, we were focused on this group of compounds. However, as grindelic acid do not possess chromophore groups, its detection based on UHPLC-DAD-ESI-MSn was less sensitive. In order to confirm the presence of grindelic acid, we isolated this compound from the extract using ethyl acetate partition and column chromatography (Supplementary Figure S1). We confirmed the purity and structure of isolated GA using NMR spectroscopy (Supplementary Figure S2).
[image: Figure 1]FIGURE 1 | UHPLC-DAD chromatograms of extract from Grindelia squarrosa at 220 nm (orange line), 254 nm (blue line) and 325 nm (green line).
TABLE 2 | Retention time, UV and MS data of the compounds present in extract from Grindelia squarrosa.
[image: Table 2]G. squarrosa Extract and Grindelic Acid did Not Show Anti-microbial Activity
The G. squarrosa extract (tested at 25–100 μg/ml) and grindelic acid (10–50 µM) did not inhibit bacteria growth. We were not able to detect growth inhibition zone (GIZ, mm) and minimal inhibitory concentration (MIC, μg/mL). The growth inhibition zone was observed only for gram g-positive (S. pneumoniae and S. aureus) treated with clarithromycin. Obtained results were comparable with reference values present at EUCAST (The European Committee on Antimicrobial Susceptibility Testing) (Bandi and Kompella, 2001).
G. squarrosa Extract Decrease the TLR-4 Expression
Stimulation with LPS resulted in a significant increase of TLR-4 expression (Figure 2). Incubation of LPS-stimulated nasal and bronchial epithelial cells with G. squarrosa extract resulted in reduction of TLR-4 expression in the presence of all tested concentrations. The obtained results were comparable to budesonide, tested at 50 µM. Budesonide suppressed the TLR-4 expression on nasal epithelial cells to 63.2% and to 48.5% on bronchial epithelial cells (p < 0.001). Clarithromycin, as well as grindelic acid affect TLR-4 expression slightly. The tested concentrations, did not damage the cellular membrane integrity of nasal and bronchial epithelial cells as presented in Supplementary Table S1 and Figure S3.
[image: Figure 2]FIGURE 2 | Effects of G. squarrosa extract and compounds on the TLR-4 expression on the LPS-stimulated: (A) nasal epithelial cells (HNEpC) and (B) bronchial epithelial cells (NHBE). Data is expressed as the mean ± SEM; three independent experiments assayed in triplicates. Statistical significance #p < 0.01 compared to the non-stimulated control; *p < 0.05, **p < 0.01, ***p < 0.001 compared to stimulated control (+LPS). Control—non-stimulated cells, LPS—LPS-stimulated cells, B—budesonide tested at 50 μM, C—clarithromycin tested at 50 µM.
G. squarrosa Extract Modulates Cytokine Production and 65 NF-κb Concentration
Lipopolysaccharide (LPS) stimulation of human nasal and bronchial epithelial cells resulted in the production wide range of cytokines: TNF-α, IL-1β, IL-6 and IL-8 (leukocyte chemotactic factors). G. squarrosa extract as well as grindelic acid were tested at concentration range of 25–100 μg/ml, and 10–50 μM, respectively. IL-1β and TNF-α, called early-released proinflammatory cytokines, were significantly suppressed by G. squarrosa extract in both epithelial models (p < 0.001; Figures 3A–D). Budesonide, well known corticosteroid with strong anti-inflammatory activity, suppressed IL-1β and TNF-α production, similarly like extract tested at 50 μg/ml (p < 0.001). Additionally, G. squarrosa extract was more active than clarithromycin, which served as a second positive control (p < 0.05). The activity of grindelic acid was significant only in the highest concentration 50 µM (p < 0.05) in both epithelial models.
[image: Figure 3]FIGURE 3 | Effects of G. squarrosa extract and tested compounds on chemo- and cytokines production by LPS-stimulated nasal and bronchial epithelial cells: TNF-α secretion by (A) nasal epithelial cells (HNEpC) and (B) bronchial epithelial cells (NHBE); IL-1β secretion by (C) nasal epithelial cells (HNEpC) and (D) bronchial epithelial cells (NHBE); IL-6 secretion by (E) nasal epithelial cells (HNEpC) and (F) bronchial epithelial cells (NHBE); IL-8 secretion by (G) nasal epithelial cells (HNEpC) and (H) bronchial epithelial cells (NHBE).
IL-6 and IL-8 were chosen for assessment as late-released proinflammatory cytokines. G. squarrosa extract at 25–100 μg/ml significantly inhibited IL-8 production in both epithelial models (p < 0.001) in dose dependent manner. The effect of G. squarrosa on IL-6 production was significant only up to 50 μg/ml (Figures 3E–H). The biological activity of budesonide was significant (p < 0.001) in both epithelial models. However, clarithromycin did not influence on IL-8 and IL-6 production.
Evaluation of p65 NF-κB concentration explains the molecular mechanism responsible for previously observed cytokine concentration changes. Our data show that G. squarrosa extract at the concentration range 25–100 μg/ml significantly decreased p65 production (p < 0.001) (Figures 4A,B). Similarly, budesonide tested at 50 µM significantly inhibited p65 production, and final effect was comparable to plant extract tested at 100 μg/ml.
[image: Figure 4]FIGURE 4 | The influence of G. squarrosa extract and compounds on p65 NF-κB concentration after LPS stimulation of nasal epithelial cells (HNEpC) and (B) bronchial epithelial cells (NHBE).
Interestingly, decrease of p65 concentration was observed also for grindelic acid and clarithromycin, both tested at 50 µM.
G. squarrosa Extract Treatment Reduces Macrophage Adhesion to Epithelium
Stimulation with LPS also results in adhesive molecules expression changes (ICAM-1, VCAM-1 and E-selectin), these then direct the emigration of macrophages across the endothelial to epithelial cells. Mentioned adhesive molecules play a different roles depending on the cells where they are located. On the endothelial cells ICAM-1, VCAM-1 and E-selectin precisely coordinate migration, rolling and diapedesis of leukocytes, however, on the epithelial cells they strictly coordinate adhesion leukocytes to epithelium.
The biological effect of G. squarrosa treatment was significant only for ICAM-1 expression (Table 3). Comparing to LPS-stimulated control (100%) the plant extract tested at the highest concentration (100 μg/ml) decreased ICAM-1 concentration to 75.3 ± 3.4% in the nasal epithelium, and to 78.2 ± 5.3% in the bronchial epithelium. Similarly, budesonide, tested at 50 µM decreased ICAM-1 expression to 79.4 ± 4.9% and 80.5 ± 3.8%, respectively. Expression of VCAM-1 and E-selectin did not change after treatment.
TABLE 3 | Effects of G. squarrosa extract and tested compounds on the adhesive molecules expression (ICAM-1, VCAM-1 and E-selectin) located on the nasal and bronchial epithelial cells. Data is expressed as the mean ± SEM; three independent experiments assayed in triplicates. Statistical significance ap < 0.01 compared to the non-stimulated control; bp < 0.05, cp < 0.01, dp < 0.001 compared to stimulated control (+LPS).
[image: Table 3]Continuing, we evaluated influence of extract and compounds on the adhesion of macrophages to both epithelial models (Figure 5). As described in the Material and Methods epithelial cells were previously pre-incubated with extract or compounds, then stimulated with LPS and co-incubated with LPS-stimulated macrophages. Because bacterial infection lead to modulation of pro-inflammatory functions both respiratory epithelium as well as leukocytes, the stimulation with LPS of both models seems to be justified. The proposed cellular models reflect the cellular response to bacterial infection properly.
[image: Figure 5]FIGURE 5 | The influence of G. squarrosa extract and compounds on adhesion of macrophages to nasal epithelial cells (HNEpC) and bronchial epithelial cells (NHBE).
It is worth to emphasize, that bacterial infection resulting very often with inflammation may lead to excessive activation macrophages. Macrophages are very sensitive for a pro-inflammatory cytokine presence in the bloodstream. Very low concentrations of TNF-α or IL-8 significantly stimulate their chemotaxis to damaged tissues. Because they response to recognized chemoattractant immediately (they play a critical role in nonspecific defense (innate immunity)). Thus, there is a risk of their uncontrolled migration and over-accumulation, what increases the need of pharmacological control their adhesion to epithelium.
Our observations, indicate that G. squarrosa extract tested at 50 and 100 μg/ml decreased adhesion of macrophages to nasal epithelium to 74.8 ± 6.7% and to 65.0 ± 8.4%, respectively (Figure 5A). Budesonide, widely used for a treatment of inflammation-related diseases, decreased adhesion to 55.7 ± 5.7%. Similar tendency we observed for the bronchial epithelial cells co-cultured with macrophages (Figure 5B). G. squarrosa extract affected the macrophage adhesion to bronchial epithelium much stronger than to nasal epithelium. Tested at concentrations 25, 50, and 100 μg/ml decreased the adhesion to 76.5 ± 9.1, 62.3 ± 7.7, and 56.8 ± 5.1%. Comparing the strong anti-inflammatory activity of budesonide (decreased adhesion of macrophages to bronchial cells to 46.3 ± 8.5%) with anti-inflammatory properties of tested G. squarrosa extract and its lack of cytotoxic properties (Supplementary Table S1) our findings proved competitiveness of phytotherapy.
G. squarrosa Extract and Grindelic Acid Modulate Pro- and Anti-inflammatory Functions of LPS-Stimulated Macrophages
The G. squarrosa extract (at 25–100 μg/ml) significantly upregulated IL-10 receptor expression. Similar effect was observed for grindelic acid tested at 50 µM (p < 0.05) (Table 4). The extract and grindelic acid significantly promote anti-inflammatory functions of macrophages through stimulation of TGF-β production (p < 0.001). G. squarrosa extract treatment also resulted in suppression of pro-inflammatory cytokines: TNF-α and IL-6 in dose dependent manner (p < 0.001 for all tested concentrations). Budesonide, well known anti-inflammatory drug capable of suppressing cytokine release, at 50 µM inhibited TNF-α and IL-6 to 45.4 and 56.5%, respectively. The activity of clarithromycin was evident but more modest. The tested extract, compounds and solvent (DMSO) were not toxic for mononuclear, as shown by assessing their influence on monocyte/macrophages membrane integrity at the tested concentrations (Supplementary Table S1).
TABLE 4 | Effects of G. squarrosa extract and tested compounds on pro- and anti-inflammatory functions of LPS-stimulated monocytes/macrophages: IL-10 receptor expression on the surface of stimulated macrophages; TGF-β secretion by stimulated macrophages [pg/mL]; IL-6 secretion by stimulated macrophages [%]; TNF-α secretion by stimulated macrophages [%]. Data is expressed as the mean ± SEM; three independent experiments assayed in triplicates. Statistical significance ap < 0.01 compared to the non-stimulated control; bp < 0.05, cp < 0.01, dp < 0.001 compared to stimulated control (+LPS).
[image: Table 4]DISCUSSION
Aerial parts of Grindelia were traditionally used to treat cold-related diseases. Importantly, as liquid extracts and syrups they are still widely distributed at Polish and German markets (Gierlikowska et al., 2020a). The commercial spread of extract for cough and bronchitis treatment increased the need of understanding the biological mechanism of action.
Although the phytochemical composition of Grindelia squarrosa is well-known (Veres et al., 2014; Nowak et al., 2019) the biological activity is still not explained. In our previous study we documented anti-inflammatory properties of G. squarrosa extract tested on human neutrophilic model (Gierlikowska et al., 2020a). Now, we expand the study and present how G. squarrosa regulates pro-inflammatory functions of respiratory epithelium and macrophages, and how modulates their mutual interactions. Our main findings explain how G. squarrosa extract modulates molecular mechanisms involved in epithelial response to LPS stimulation, and how it regulates migration and adhesion of macrophages to respiratory epithelium.
The acute episode of a cold starts with virus infection and may be accompanied by bacterial superinfection. Grindelia species were shown to exert antimicrobial activity, especially against gram negative E. coli (Hassan et al., 2014). According to Hassan et al. (Hassan et al., 2014) the extract of G. squarrosa flowers showed inhibition diameters in excess of 19.3 mm of A. caviae, M. luteus and P. alvei. Similar results were obtained by Jacobs et al. (Jacobs et al., 2010). Using different extracts solvents (CCl4 and 1-BuOH) they confirmed anti-microbial properties of G. squarrosa: CCL4-extract inhibited E. coli, S. aureus and C. albicans growth, whereas 1-BuOH-extract inhibited S. aureus, P. aeruginosa and K. pneumoniae (Jacobs et al., 2010). In the present study we tested anti-microbial activity of 60%-EtOH extract, and we did not observe any anti-microbial activity. Only clarithromycin, used as positive control, significantly inhibited growth of selected gram positive: S. aureus and S. pneumoniae (growth inhibition zone, GIZ: 30–34 mm). The water-ethanol extraction, as we performed in present study, reflects the way in which market preparations are obtained. Comparing our results with experiments performed by Hassan (Hassan et al., 2014) and Jacobs (Jacobs et al., 2010) we could hypothesize that different solvents may determine differences in the phytochemical composition and affect on their anti-microbial properties.
The pathogenic infection results in development of full-symptomatic inflammation (Roxas and Jurenka, 2007). Bacterial infection starts with interaction of pathogens with Toll-like receptors located on epithelial cells. To response to gram negative bacteria/LPS, TLR-4 expression increases. To our knowledge, there is no data showing the influence of G. squarrosa extract and/or grindelic acid on TLR-4 expression. Using two cellular models (nasal and bronchial epithelium) we observed significant decrease of TLR-4 expression after treatment. Modest activity of grindelic acid may suggest, that anti-inflammatory activity of the extract is not determined be grindelic acid (being the major diterpene), but it is a synergistic effect of all compounds present in the extract.
When nasal and bronchial epithelial cells are exposed to bacterial infection, they secrete a wide spectrum of pro-inflammatory cytokines in a precisely defined sequence (Broekman et al., 2016). At the beginning of infection, low amounts of “early-inflammatory cytokines”—IL-1β and TNF-α are released. Both cytokines intensify production of the “late-inflammatory cytokines”—IL-6 and IL-8 by the respiratory epithelial cells (Broekman et al., 2016), and stimulate chemotaxis of macrophages. It is known that cytokines promote adequate immune response, but prolonged cytokines production by stimulated respiratory epithelial cells may exacerbate inflammation. The side effects arise from excessive macrophage chemotaxis and prolonged stimulation of their pro-inflammatory functions.
Our next finding indicates that G. squarrosa extract significantly inhibited IL-1β, TNF-α, IL-6, and IL-8 production by epithelial cells via p65 NF-κB suppression. Our observations are coincident with observations performed by La et al. (La et al., 2010). La and al. presented anti-inflammatory properties of Grindelia robusta Nutt. tested on monocyte-derived macrophages (U937, human monoblastic leukemia cell line) (La et al., 2010). The authors showed that G. robusta extract tested at concentration range 25–100 μg/ml inhibited dose-dependently the secretion of IL-6, MCP-1 and, to a lesser extent, PGE2 and TNF-α. Such inhibition was also observed for MMP-1, -3, -7, -8, -9, and -13 production. The ability of G. robusta extract to reduce the LPS-induced secretion of inﬂammatory mediators and MMPs was associated with a reduction of nuclear factor-kappa B (NF-kB) p65 activation (La et al., 2010). Despite differences in chemical composition of G. squarrosa and G. robusta it is worth emphasizing that both extracts present ability to suppression of pro-inflammatory cytokine production (La et al., 2010; Gierlikowska et al., 2020a).
Secretion of proinflammatory chemokines and cytokines (interleukins IL-8, IL-1β and TNF-α) induces inflammatory and immune responses (Liu et al., 2016). In respiratory epithelium these effects are associated with the activation of mitogen-activated protein kinases (MAPKs), i.e., p38 kinase, p42/44 extracellular signal-regulated kinase (ERK), and c-Jun NH2-terminal kinases (JNKs), and are regulated by two major transcription factors families, i.e., NF-κB and AP-1 (Liu et al., 2016; Yang et al., 2017; Zhang et al., 2018). In the available literature there is no data regarding the influence of G. squarrosa extract and grindelic acid on MAPK pathway and AP-1. However, based on results obtained for p65 NF-κB we could hypothesize that G. squarrosa may modulate p65 NF-κB via inhibition of MAPKs activity. The activation of AP-1 is also mediated by MAPKs thus verification of mentioned hypothesis may highlight new targets for a cold-related diseases treatment.
Based on our experiments performed on a two independent epithelial models (nasal and bronchial epithelium), we can speculate that G. squarrosa, through strong inhibition of chemoattractant production (IL-1β, TNF-α, IL-6, and IL-8), may potentially limit activation, and migration macrophages to damaged epithelial cells. However, macrophages are very sensitive to cytokines released to bloodstream, thus even small amounts of secreted cytokines may activate adequate immune response.
The migration of macrophages to damaged epithelium is strictly dependent on TNF-α, IL-β, and IL-8 concentration in the bloodstream (Rosseau et al., 2000). Released by damaged epithelium pro-inflammatory cytokines increase expression of VCAM-1, E-selectin, and ICAM-1 (Turner et al., 2011). On the contrary to VCAM-1 and E-selectin, ICAM-1 appears on the epithelium later and is located only at the site of inflammation.
In our study, we tested influence of G. squarrosa on the expression of mentioned above adhesive molecules, however, we did not observe influence of extract on VCAM-1 and E-selectin expression. At the highest concentration (100 μg/ml) G. squarrosa extract slightly inhibited only ICAM-1 expression. The comparable effect was noticed for budesonide tested at 50 µM. The reduction of ICAM-1 expression may be related with inhibition of cytokine production. As therapeutic target for ICAM-1 suppression were identified IL-8 and TNF-α (Kwon et al., 2011; Kim et al., 2013; Gao et al., 2018). Why extract modulates only adhesion molecule responsible for attachment of leukocytes to epithelium, also remains to be elucidated.
Although, G. squarrosa treatment did not affect on epithelial adhesive molecules expression directly, it suppressed the macrophage adhesion to epithelium. At concentration above 50 μg/mL G squarrosa significantly inhibited the adhesion of macrophages to both epithelial models. The lowest tested concentration (25 μg/ml) decreased adhesion of macrophages only to bronchial epithelium.
The differences between an affect of G. squarrosa treatment on percentage of adhered of macrophages to nasal and bronchial epithelium may be partially explained by epithelial cells anatomical location, predispose to infection/damage and ability to regeneration. The nasal cavity is constantly inhabited by pathogens and is more exposed to mechanical damage (Man et al., 2017). The lower respiratory tract is sterile, thus bronchial epithelial cells must have developed mechanisms that protect not only against pathogens, but also against excessive accumulation of phagocytes. Resseau et al. (Rosseau et al., 2000) explained the stricted regulation of emigration into the alveolar compartment by the difficulties with successful clearance of macrophages from the lung parenchyma. Thus, the observed stronger inhibition of macrophage adhesion to bronchial epithelium then nasal epithelium may be a result of an additive effect of G. squarrosa treatment and physiological response of bronchial cell to interactions with macrophages.
At the end, we confirmed that G. squarrosa extract stimulate anti-inflammatory functions of macrophages by increase of TGF-β production and IL-10 expression what accelerates the removal of pathogens and damaged tissues (Aggarwal et al., 2014). G. squarrosa also reduced concentration of pro-inflammatory cytokines (IL-6 and TNF-α) released by macrophages, successfully reducing inflammation.
In our opinion the biological activity of grindelic acid was a type of cell-dependent. At the highest tested concentration (50 µM) grindelic acid selectively modulated respiratory epithelium functions (TLR-4 expression, cytokine production and p65 NF-κB concentration). Interestingly, grindelic acid did not affect adhesive molecules expression and pro-inflammatory functions of macrophages. According to Leiva-Juárez et al. (Leiva-Juárez et al., 2018) the highly plastic epithelial barrier responds to detected threats via modulation of drug accumulation, paracellular flux, intercellular communications, mucin production, and periciliary fluid composition. Epithelial stimulation induces production of cytokines that recruit and sculpt leukocyte-mediated responses, and promotes epithelial generation of antimicrobial effector molecules that are directly microbicidal. Thus epithelium can alternately enhance tolerance to pathogens, preventing tissue damage through induced inhibitory signals and through potential accumulation of compound may attenuate of injurious leukocyte responses (Leiva-Juárez et al., 2018).
Summarizing, our results explain how G. squarrosa modulates pro-inflammatory functions of nasal, bronchial epithelium and macrophages, and their mutual interactions (Figure 6). We confirmed anti-inflammatory properties of G. squarrosa and influence on modulation of leukocyte adhesion to nasal and bronchial epithelial cells. The obtained results allow to better understand the therapeutic efficacy of G. squarrosa raw material.
[image: Figure 6]FIGURE 6 | The summary of influence of G. squarrosa extract on the proinflammatory functions of respiratory epithelium.
CONCLUSION
The present study justified the traditional use of Grindelia squarrosa aerial parts for treatment of cold-related diseases. The wide-spread use of G. squarrosa in the traditional medicine and effectiveness during cold-related diseases treatment may be explained by modulation of pro-inflammatory functions respiratory epithelium and macrophages.
The observed suppression of inflammation was a result of “cascade suppressed pro-inflammatory cell response.” The G. squarrosa suppressed TLR-4 expression, decreased p65 NF-κB concentration and resulted in suppression of TNF-α, IL-1β, IL-6, and IL-8 production. Moreover, we noticed stimulation of anti-inflammatory functions of macrophages and inhibition of their adhesion to nasal and bronchial epithelium. Our observations suggest the high therapeutic potential of G. squarrosa extract during symptomatic treatment of cold-related diseases.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author.
ETHICS STATEMENT
The studies involving human participants were reviewed and approved by Committee on Bioethics at the Medical University of Warsaw. The patients/participants provided their written informed consent to participate in this study.
AUTHOR CONTRIBUTIONS
BG designed the study and supervised the work. BG and AK selected plant material and obtained financial support (FW25/PM3/18). DK and AK performed phytochemical analysis. BG, AF, WG, and JS planned and performed the biological experiments and carried out data analysis. BG wrote the manuscript. UD critically reviewed the manuscript.
FUNDING
The study was financed by Medical University of Warsaw, Poland—program: Young Researcher Grant (No. FW25/PM3/18).
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphar.2020.534111/full#supplementary-material.
REFERENCES
 Aggarwal, N. R., Tsushima, K., Eto, Y., Tripathi, A., Mandke, P., Mock, J. R., et al. (2014). Immunological priming requires regulatory T cells and IL-10-producing macrophages to accelerate resolution from severe lung inflammation. J. Immunol . 192 (9), 4453–4464. doi:10.4049/jimmunol.1400146
 Bandi, N., and Kompella, U. B. (2001). Budesonide reduces vascular endothelial growth factor secretion and expression in airway (Calu-1) and alveolar (A549) epithelial cells. Eur. J. Pharmacol. 425 (2), 109–116. doi:10.1016/s0014-2999(01)01192-x
 Broekman, W., Amatngalim, G. D., de Mooij-Eijk, Y., Oostendorp, J., Roelofs, H., Taube, C., et al. (2016). TNF-α and IL-1β-activated human mesenchymal stromal cells increase airway epithelial wound healing in vitro via activation of the epidermal growth factor receptor. Respir. Res . 17, 3. doi:10.1186/s12931-015-0316-1
 Capasso, F., Gaginella, T. S., Grandolini, G., and Izzo, A. A. (2003). Phytotherapy: a quick reference to herbal medicine. Berlin, Germany: Springer Science and Business Media.
 Dudek, M. K., Michalak, B., Woźniak, M., Czerwińska, M. E., Filipek, A., Granica, S., et al. (2017). Hydroxycinnamoyl derivatives and secoiridoid glycoside derivatives from Syringa vulgaris flowers and their effects on the pro-inflammatory responses of human neutrophils. Fitoterapia . 121, 194–205. doi:10.1016/j.fitote.2017.07.008
 Efferth, T., and Koch, E. (2011). Complex interactions between phytochemicals. The multi-target therapeutic concept of phytotherapy. Curr. Drug Targets 12 (1), 122–132. doi:10.2174/138945011793591626
 Erwin, A. L., and Smith, A. L. (2007). Nontypeable Haemophilus influenzae: understanding virulence and commensal behavior. Trends Microbiol . 15 (8), 355–362. doi:10.1016/j.tim.2007.06.004
 Ferreres, F., Grosso, C., Gil-Izquierdo, A., Valentão, P., Azevedo, C., and Andrade, P. B. (2014). HPLC-DAD-ESI/MS(n) analysis of phenolic compounds for quality control of Grindelia robusta Nutt. and bioactivities. J. Pharmaceut. Biomed. Anal . 94, 163–172. doi:10.1016/j.jpba.2014.01.046
 Gao, H., Zhang, Q., Chen, J., Cooper, D. K. C., Hara, H., Chen, P., et al. (2018). Porcine IL-6, IL-1β, and TNF-α regulate the expression of pro-inflammatory-related genes and tissue factor in human umbilical vein endothelial cells. Xenotransplantation 25 (5), e12408. doi:10.1111/xen.12408
 Gierlikowska, B., Gierlikowski, W., Bekier, K., Skalicka-Woźniak, K., Czerwińska, M. E., and Kiss, A. K. (2020a). Inula helenium and Grindelia squarrosa as a source of compounds with anti-inflammatory activity in human neutrophils and cultured human respiratory epithelium. J. Ethnopharmacol . 249, 112311. doi:10.1016/j.jep.2019.112311
 Gierlikowska, B., Gierlikowski, W., and Demkow, U. (2020b). Alantolactone enhances the phagocytic properties of human macrophages and modulates their proinflammatory functions. Front. Pharmacol . 11, 1339. doi:10.3389/fphar.2020.01339
 Goetz, P. (2005). Plantes médicinales d’Amérique du Nord: apport à la phytothérapie française du traitement des affections des voies respiratoires. Phytothérapie . 3 (1), 19–27. doi:10.1007/s10298-005-0060-7
 Hassan, H. M., Jiang, Z.-H., Asmussen, C., McDonald, E., and Qin, W. (2014). Antibacterial activity of northern Ontario medicinal plant extracts. Can. J. Plant Sci . 94 (2), 417–424. doi:10.4141/cjps2013-258
 Jacobs, J., Dixson, J., Gabel, M., Bergmann, D., DeCory, J., and Geffre, C. (2010). Antimicrobial screening on fourteen traditional American Indian medicinal plants. Proc. S. D. Acad. Sci . 89, 85–93. 
 Johnson, L. N. (1887). Grindelia squarrosa. Science 10 (242), 152. doi:10.1126/science.ns-10.242.152-a
 Kalktenbach, G., and Schimmer, O. (1991). Volatile constituents of the herbs of grindelia robusta and grindelia squarrosa. Planta Med . 57 (S2), A82. doi:10.1080/10412905.1993.9698182
 Kim, K. H., Park, J. K., Choi, Y. W., Kim, Y. H., Lee, E. N., Lee, J. R., et al. (2013). Hexane extract of aged black garlic reduces cell proliferation and attenuates the expression of ICAM-1 and VCAM‑1 in TNF-α-activated human endometrial stromal cells. Int. J. Mol. Med . 32 (1), 67–78. doi:10.3892/ijmm.2013.1362
 Klugman, K. P., and Feldman, C. (2001). Streptococcus pneumoniae respiratory tract infections. Curr. Opin. Infect. Dis . 14 (2), 173–179. doi:10.1097/00001432-200104000-00011
 Kwon, D. J., Bae, Y. S., Ju, S. M., Goh, A. R., Choi, S. Y., and Park, J. (2011). Casuarinin suppresses TNF-α-induced ICAM-1 expression via blockade of NF-κB activation in HaCaT cells. Biochem. Biophys. Res. Commun . 409 (4), 780–785. doi:10.1016/j.bbrc.2011.05.088
 La, V. D., Lazzarin, F., Ricci, D., Fraternale, D., Genovese, S., Epifano, F., et al. (2010). Active principles of Grindelia robusta exert antiinflammatory properties in a macrophage model. Phytother Res . 24 (11), 1687–1692. doi:10.1002/ptr.3195
 Leiva-Juárez, M. M., Kolls, J. K., and Evans, S. E. (2018). Lung epithelial cells: therapeutically inducible effectors of antimicrobial defense. Mucosal Immunol . 11 (1), 21–34. doi:10.1038/mi.2017.71
 Liu, Z., Wu, H., Jiang, K., Wang, Y., Zhang, W., Chu, Q., et al. (2016). MAPK-mediated YAP activation controls mechanical-tension-induced pulmonary alveolar regeneration. Cell Rep . 16 (7), 1810–1819. doi:10.1016/j.celrep.2016.07.020
 Mahmoud, A. A., Ahmed, A. A., Tanaka, T., and Iinuma, M. (2000). Diterpenoid acids from Grindelia nana. J. Nat. Prod . 63 (3), 378–380. doi:10.1021/np9904105
 Man, W. H., de Steenhuijsen Piters, W. A., and Bogaert, D. (2017). The microbiota of the respiratory tract: gatekeeper to respiratory health. Nat. Rev. Microbiol . 15 (5), 259–270. doi:10.1038/nrmicro.2017.14
 Martin, T. R., Mathison, J. C., Tobias, P. S., Letúrcq, D. J., Moriarty, A. M., Maunder, R. J., et al. (1992). Lipopolysaccharide binding protein enhances the responsiveness of alveolar macrophages to bacterial lipopolysaccharide. Implications for cytokine production in normal and injured lungs. J. Clin. Invest . 90 (6), 2209–2219. doi:10.1172/jci116106
 Martin, T. R. (2000). Recognition of bacterial endotoxin in the lungs. Am. J. Respir. Cell Mol. Biol . 23 (2), 128–132. doi:10.1165/ajrcmb.23.2.f189
 McFarlane, J. (2017). Fractionation-assisted NMR-based metabolomics of Grindelia squarrosa. Available at: https://core.ac.uk/download/pdf/84872767.pdf
 Michalak, B., Filipek, A., Chomicki, P., Pyza, M., Woźniak, M., Żyżyńska-Granica, B., et al. (2018). Lignans from forsythia x intermedia leaves and flowers attenuate the pro-inflammatory function of leukocytes and their interaction with endothelial cells. Front. Pharmacol . 9, 401. doi:10.3389/fphar.2018.00401
 Mizgerd, J. P. (2008). Acute lower respiratory tract infection. N. Engl. J. Med . 358 (7), 716–727. doi:10.1056/NEJMra074111
 Nowak, S., Lisiecki, P., Tomaszczak-Nowak, A., Grudzińska, E., Olszewska, M. A., and Kicel, A. (2019). Chemical composition and antimicrobial activity of the essential oils from flowers and leaves of Grindelia integrifolia DC. Nat. Prod. Res . 33 (10), 1535–1540. doi:10.1080/14786419.2017.1423302
 Nowak, S., and Rychlińska, I. (2012). Phenolic acids in the flowers and leaves of grindelia robusta Nutt. And grindelia squarrosa dun. (Asteraceae). Acta Pol. Pharm . 69 (4), 693–698.
 Puneet, P., Moochhala, S., and Bhatia, M. (2005). Chemokines in acute respiratory distress syndrome. Am. J. Physiol. Lung Cell Mol. Physiol . 288 (1), L3–L15. doi:10.1152/ajplung.00405.2003
 Reta, G. F., Chiaramello, A. I., García, C., León, L. G., Martín, V. S., Padrón, J. M., et al. (2013). Derivatives of grindelic acid: from a non-active natural diterpene to synthetic antitumor derivatives. Eur. J. Med. Chem. 67, 28–38. doi:10.1016/j.ejmech.2013.06.013
 Rosseau, S., Selhorst, J., Wiechmann, K., Leissner, K., Maus, U., Mayer, K., et al. (2000). Monocyte migration through the alveolar epithelial barrier: adhesion molecule mechanisms and impact of chemokines. J. Immunol . 164 (1), 427–435. doi:10.4049/jimmunol.164.1.427
 Roxas, M., and Jurenka, J. (2007). Colds and influenza: a review of diagnosis and conventional, botanical, and nutritional considerations. Alternative Med. Rev . 12 (1), 25–48. 
 Spiegler, V., Gierlikowska, B., Saenger, T., Addotey, J. N., Sendker, J., Jose, J., et al. (2020). Root extracts from ononis spinosa inhibit IL-8 release via interactions with toll-like receptor 4 and lipopolysaccharide. Front. Pharmacol . 11, 889. doi:10.3389/fphar.2020.00889
 Strzelecka, H. (2000). Encyklopedia zielarstwa i ziołolecznictwa. Warsaw, Poland: Naukowe PWN.
 Timmermann, B. N., Hoffmann, J. J., Jolad, S. D., and Schram, K. H. (1985). Grindelane diterpenoids from grindelia squarrosa and. G. camporum. Phytochemistry 24 (5), 1031–1034. doi:10.1016/S0031-9422(00)83176-3
 Turner, N. A., Das, A., O'Regan, D. J., Ball, S. G., and Porter, K. E. (2011). Human cardiac fibroblasts express ICAM-1, E-selectin and CXC chemokines in response to proinflammatory cytokine stimulation. Int. J. Biochem. Cell Biol . 43 (10), 1450–1458. doi:10.1016/j.biocel.2011.06.008
 Veres, K., Roza, O., Laczkó-Zöld, E., and Hohmann, J. (2014). Chemical composition of essential oils of Grindelia squarrosa and G. hirsutula. Nat Prod Commun . 9 (4), 573–574. doi:10.1177/1934578X1400900438
 Watts, J. (2008). Clinical and laboratory standards institute performance standards for antimicrobial disk and dilution susceptibility tests for bacteria isolated from animals: approved standard. Annapolis Junction, MD: National Committee for Clinical Laboratory Standards. 
 Yang, H. W., Lee, S. A., Shin, J. M., Park, I. H., and Lee, H. M. (2017). Glucocorticoids ameliorate TGF-β1-mediated epithelial-to-mesenchymal transition of airway epithelium through MAPK and Snail/Slug signaling pathways. Sci. Rep . 7 (1), 3486. doi:10.1038/s41598-017-02358-z
 Zhang, X., Wang, T., Yuan, Z. C., Dai, L. Q., Zeng, N., Wang, H., et al. (2018). Mitochondrial peptides cause proinflammatory responses in the alveolar epithelium via FPR-1, MAPKs, and AKT: a potential mechanism involved in acute lung injury. Am. J. Physiol. Lung Cell Mol. Physiol . 315 (5), L775-l786. doi:10.1152/ajplung.00466.2017
 Zusso, M., Lunardi, V., Franceschini, D., Pagetta, A., Lo, R., Stifani, S., et al. (2019). Ciprofloxacin and levofloxacin attenuate microglia inflammatory response via TLR4/NF-kB pathway. J. Neuroinflammation 16 (1), 148. doi:10.1186/s12974-019-1538-9
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2021 Gierlikowska, Filipek, Gierlikowski, Kania, Stefańska, Demkow and Kiss. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
		REVIEW
published: 13 April 2021
doi: 10.3389/fphar.2021.653993


[image: image2]
Artemisia dracunculus (Tarragon): A Review of Its Traditional Uses, Phytochemistry and Pharmacology
Halina Ekiert1*, Joanna Świątkowska1, Ewa Knut1, Paweł Klin2, Agnieszka Rzepiela3, Michał Tomczyk4 and Agnieszka Szopa1*
1Chair and Department of Pharmaceutical Botany, Jagiellonian University, Medical College, Kraków, Poland
2Family Medicine Clinic, Medizinisches Versorgungszentrum (MVZ) Burgbernheim GmbH, Burgbernheim, Germany
3Museum of Pharmacy, Jagiellonian University, Medical College, Kraków, Poland
4Department of Pharmacognosy, Faculty of Pharmacy, Medical University of Białystok, Białystok, Poland
Edited by:
Andrei Mocan, Iuliu Haţieganu University of Medicine and Pharmacy, Romania
Reviewed by:
Claudio Ferrante, University of Studies G. d’Annunzio Chieti and Pescara, Italy
Antoine Saab, Lebanese University, Lebanon
Adriana Trifan, Grigore T. Popa University of Medicine and Pharmacy, Romania
* Correspondence: Halina Ekiert, halina.ekiert@uj.edu.pl; Agnieszka Szopa, a.szopa@uj.edu.pl
Specialty section: This article was submitted to Ethnopharmacology, a section of the journal Frontiers in Pharmacology
Received: 15 January 2021
Accepted: 01 March 2021
Published: 13 April 2021
Citation: Ekiert H, Świątkowska J, Knut E, Klin P, Rzepiela A, Tomczyk M and Szopa A (2021) Artemisia dracunculus (Tarragon): A Review of Its Traditional Uses, Phytochemistry and Pharmacology. Front. Pharmacol. 12:653993. doi: 10.3389/fphar.2021.653993

Artemisia dracunculus L. (tarragon), Asteraceae, is a species that has long been used in traditional Asian medicine, mainly in Iran, Pakistan, Azerbaijan and India. It is known as a spice species in Asia, Europe and the Americas. The raw materials obtained from this species are herb and leaf. The presence of essential oil with a highly variable composition, as well as flavonoids, phenolic acids, coumarins and alkamides, determines the medicinal and/or spice properties of the plant. In traditional Asian medicine, this species is used, for example, in the treatment of digestive system diseases, as an analgesic, hypnotic, antiepileptic, anti-inflammatory and antipyretic agent, and as an effective remedy in the treatment of helminthiasis. Nowadays, A. dracunculus is the subject of professional phytochemical and pharmacological researches. Pharmacological studies have confirmed its anti-inflammatory and analgesic effects known from traditional uses; they have also proved very important new findings regarding its biological activity, such as antioxidant, immunomodulating and anti-tumour activities, as well as hepatoprotective and hypoglycaemic effects. A. dracunculus has long-held an established position in the food industry as a spice. And its use is growing in the cosmetics industry. Moreover, it is the subject of biotechnological research focused mainly on the development of micro-propagation protocols.
Keywords: tarragon, traditional medicine use, chemical composition, biological activity, potential medicinal value, position in cosmetology, biotechnological studies
INTRODUCTION
Over the last few years, there has been a noticeable increase in interest in phytochemical and pharmacological studies concerning various species of the genus Artemisia L (Asteraceae) (Tan et al., 1998; Willcox, 2009; Koul and Taak, 2017). This interest is undoubtedly due to the fact that the Nobel Prize in Physiology or Medicine 2015 was awarded for the discovery in Artemisia annua (annual mugwort) of artemisinin–a sesquiterpenoid lactone, and proving its effectiveness in the treatment of malaria (Długońska, 2015; Efferth et al., 2015). Among the subjects of research is A. dracunculus, a species native to Siberia and Mongolia. In Europe, this species is a popular spice plant; in Asian countries (Iran, Pakistan, Azerbaijan, India), this species has long been used in traditional medicine. It has been used both in the treatment of gastrointestinal diseases and as an anesthetic, hypnotic and anti-epileptic agent. It has been recommended as an effective treatment for inflammation, fever and helminthiasis (Aglarova et al., 2008; Bora and Sharma, 2011; Obolskiy et al., 2011).
Contemporary professional research has proven various important aspects of the biological activity of extracts from both the entire aerial part and/or leaves of this species, as well as from its essential oil. Its antibacterial, antifungal and antiprotozoal properties have been documented, together with its extremely valuable antioxidant, immunomodulatory and antineoplastic properties (Abtahi Froushani et al., 2016; Hassanzadeh et al., 2016; Bedini et al., 2017; Navarro-Salcedo et al., 2017; Mohammadi et al., 2020). These studies have also been proven to have hepatoprotective, hypoglycaemic and thyroid regulating effects (Méndez-Del Villar et al., 2016; Zarezade et al., 2018; Mohammadi et al., 2020). An antidepressant effect has also been documented (Wang et al., 2018). The anti-inflammatory and analgesic effects known from applications in traditional medicine have also been confirmed (Abtahi Froushani et al., 2016; Wang et al., 2018; Safari et al., 2019). Moreover, an examination of relevant professional research also shows that the position of A. dracunculus as a plant species with cosmetic properties is rising (Ribnicky et al., 2004; Yamada et al., 2011; Chaleshtori et al., 2013). According to modern research, tarragon appears not only to maintain its position as a valuable spice plant, but above all, as an important plant with potential medicinal and cosmetic properties.
The main goal of this review is to present the latest research on both the chemistry and new findings on the biological activity of A. dracunculus, proven by professional research. Earlier reviews by Aglarova et al. and Obolskiy et al. (Aglarova et al., 2008; Obolskiy et al., 2011) are quite generalized and don’t contain the latest, detailed information on this species, which is valuable in relation to pharmacology, cosmetology and food industries. In addition, the paper encompasses all previously known information concerning its biology and chemistry as well as the traditional medicine and culinary applications of the species under consideration.
GENERAL INFORMATION ON THE SPECIES
The name Artemisia dracunculus is derived from the Latin word “dracunculus” meaning “a small dragon”, and refers to the shape of the leaves, which resemble dragon tongues (Aglarova et al., 2008). A. dracunculus has numerous (about 50) Latin synonyms, including Absinthium cernuum Moench, Achillea dracunculus Hort., Artemisia aromatica A. Nelson, A. cernua Nutt., A. crithmifolia L., A. dracunculiformis Krasch., A. dracunculina S. Wats., A. dracunculoides Pursh (GBIF.org (2020); The Plant List, 2013; Catalogue of Life, 2020; Missouri Botanical Garden, 2020). The English names include tarragon, estragon, dragon sagewort, dragon wormwood, false tarragon, French tarragon, green sagewort, linear-leaved wormwood, Russian tarragon, silky wormwood, tarragon sagewort. Some of the foreign names are Estragon (Ger.), dragon, estragon (Fr.), dragoncillo, estragão (Sp.), estragão (Port.), dragon, dragon, long hao (Chin.), pelyněk kozalec (Czech.), połyń estragon (Russ.), tárkony üröm (Hung.), and vaistinis kietis (Georg.) (GBIF.org (2020); The Plant List, 2013; Catalogue of Life, 2020; Missouri Botanical Garden, 2020). The raw materials are dried A. dracunculus aerial parts and leaves–Dracunculi herba and Dracunculi folium, with an intense, aromatic fragrance (Food and Drug Administration, 2020).
A. dracunculus is a hairless perennial, reaching a height of up to 150 cm. Its straight stems are ribbed and have no flowers in the lower parts. The leaves are arranged alternately, sessile. The lower leaves are tripartite at the apex, while the middle and upper leaves are lanceolate. The tip of the leaf is sharp and the leaf blade margins entire. Yellow, tubular flowers are gathered in hanging, spherical capitula forming loose panicles. The fruit are achenes. The plant has strong, woody rhizomes, 0.5–1.5 cm thick, from which clusters of small roots grow (Aglarova et al., 2008; Bakova et al., 2017; Koul and Taak, 2017). A. dracunculus originates from areas of Siberia and Mongolia (Aglarova et al., 2008). In its natural habitats, this species can be found in Central Asia, in Mediterranean countries, in Eastern Europe and in North America. A. dracunculus grows in meadows in alkaline soils, in birch forests, near rivers, on mountain slopes and steppes (Aglarova et al., 2008).
A. dracunculus is a plant widely cultivated in the Americas, Asia and Europe. Two varieties are usually grown on plantations: French tarragon, otherwise known as true tarragon, and German tarragon (Artemisia dracunculus var. sativa). Russian tarragon is also found among the cultivated plants (miscellaneous varieties, including A. dracunculus var. dracunculoides, and A. dracunculus var. inodora). It is not popular, however, because of the poorer taste and less intense fragrance of the leaves (Eisenman et al., 2011; Obolskiy et al., 2011; Watson and Kennel, 2014).
A. dracunculus has low requirements in terms of cultivation site and care, but the highest yields are obtained from crops growing on moist, sandy-clay soils with an alkaline reaction. This species, depending on the cultivar, can be propagated vegetatively or from seed (Russian tarragon), or solely vegetatively from rhizome cuttings (French and German tarragon). It is also possible to use the in vitro micropropagation protocols developed for this species–described later in this review. In European conditions, plantations are established in april. The cuttings are placed in rows spaced at 60 cm and covered with a thin layer of soil. The first harvest of the herb takes place in dry weather in the same year, while in the following years two-to-three harvests can be gathered per year. The collected raw material is dried in drying sheds with natural air circulation or heated to 35°C. After drying, the leafy parts of the tarragon plant are separated from the hard stems (Aglarova et al., 2008; Eisenman et al., 2011; Obolskiy et al., 2011; Watson and Kennel, 2014).
The main component of the raw materials, i.e. herb and leaves, is essential oil. The composition of A. dracunculus essential oil depends, inter alia, on the location of the cultivation site, the salinity of the soil and the age of the plant. The highest concentrations of the essential oil are observed at the beginning of leaf budding and at the beginning of flowering. The main components of the essential oil are: estragole, otherwise known as methyl chavicol or p-allylanisole (40–85%), sabinene (approx. 35%), methyl eugenol (approx. 25%), and elemicin (up to 57%) (Figure 1). Other compounds present in the oil in concentrations greater than 10% are: terpinen-4-ol, β-ocimene, cis-ocimene, α-trans-ocimene, limonene and trans-anethole, α-phellandrene, β-phellandrene (Z)-artemidin, capillene (Table 1) (Aglarova et al., 2008; Ayoughi et al., 2011; Obolskiy et al., 2011; Tak et al., 2014; Karimi et al., 2015; Abdollahnejad et al., 2016; Hassanzadeh et al., 2016; Joshi et al., 2016; Bedini et al., 2017; Sharopov et al., 2020). Phenylpropanoids (73.5%) constitute the main group of essential oil compounds. Monoterpenoids (24.3%) and sesquiterpenoids (0.2%) are present in the oil in considerably smaller amounts (Talbi et al., 2016; Bedini et al., 2017).
[image: Figure 1]FIGURE 1 | Chemical structure of volatile compounds characteristic of the essential oil of the A. dracunculus herb.
TABLE 1 | Chemical composition of A. dracunculus essential oil.
[image: Table 1]The tarragon plant contains numerous coumarins, mainly herniarin (Figure 2), as well as coumarin, scopoletin, scoparone, dracumerin, artemidine, esculetin, esculin, and capillarin. The total amount of coumarins in the herb is over 1.0%. The biosynthesis of these compounds begins at an early stage of plant development; therefore, in three-month-old specimens, the coumarin content may even reach 1.3%. The maximum level of this group of compounds has been found in five-year-old plants (Aglarova et al., 2008; Bhutia and Valant-vetschera, 2008; Obolskiy et al., 2011; Talbi et al., 2016; Mumivand et al., 2017; Bussmann et al., 2020; Sharopov et al., 2020).
[image: Figure 2]FIGURE 2 | Chemical structure of herniarin–compound characteristic for the A. dracunculus herb.
A. dracunculus has also been found to contain flavonoids, the concentration of which in wild plants varies between 0.5 and 1.9%. Under cultivation conditions, a maximum content of 4.9% can be obtained. Flavonoids typical of this species include quercetin, kaempferol, luteolin, isorhamnetin and their glycosides, naringenin, annagenin (5,6,7,8,4′-pentahydroxy-3′-methoxyflavone), pinocembrin and estragonoside C. A. dracunculus herb extracts have also been proven to contain phenolic acids, mainly chlorogenic acid, caffeic acid and vanillic acid. Other compounds found in the plant include alkamides (neopellitorine A, neopellitorine B, pellitorine), polyacetylenes, tannins, bitterness-imparting compounds, vitamin C, fatty acids and sterols, iodine compounds, and peroxidase (Aglarova et al., 2008; Mumivand et al., 2017; Jahani et al., 2019; Bussmann et al., 2020).
The chemical composition of A. dracunculus and the compounds contained in the plant’s essential oil are presented in Table 2.
TABLE 2 | Chemical composition of A. dracunculus.
[image: Table 2]IMPORTANCE IN THE HISTORY OF MEDICINE AND PHARMACY
According to Pliny the Elder (1st c. AD), the name A. dracunculus L., a diminutive of the Latin word “draco” – dragon (Gr. δράκων), dracunculus–a small dragon, was given to this plant because of its serpentine rhizomes (Plinii Secundii, 1845). It was supposed to protect against snakebite when carried on one’s body or imbibed as a drink, and its juice was used in ear diseases. The name A. dracunculus might also be a distorted version of the Arabic name for tarragon, i.e. tharchum, from which the synonyms tarchon, tarcon and torchun are derived (Rejewski, 1996).
The term “dracunculus” was often used by ancient authors, e.g. by Dioscorides (1st c. AD), to refer to another species–Arum dracunculus L. (Gr. Drakontaia megale, Δρακονταία μεγάλή), or Arum maculatum L. (Gr. Drakontaia mikre, Δρακονταία μικρή) (Pedanius, 1998). A. dracunculus L. was commonly called draco, e.g. the botanist and German physician Valerius Cordus (16th c.) uses the name Draco sativus. Due to the similarity of dracunculus leaves to those of flax, it was believed to grow from flax seeds embedded in a hollowed-out onion (ex semine lini in cepe), meaning that it did not grow naturally. Authors such as K. Gessner (Bibliotheca Universalis 1545), P. Matthiolus (Commentarii in sex libros Pedacii Dioscoridis Anazarbi de Medicina material 1570) and J. Dalechamps (Historia Generalis Plantarum 1586) did not agree with this view (Bauhin and Cherler, 1651).
P. Matthiolus (1501–1577) describes tarragon (German version Dragoncell, Dracuncellus, Dragoncellus, Dracunculus esculentus) with the following: sharp taste, warming effect, stimulating the appetite (int.), externally applied with saliva, leaves crushed, mixed with honey, smeared causes bruises to disappear (Avicenna calls it “tarcon”) (Mattioli, 1586).
In the 17th-century “Herbarium” by Simon Syrennivs (1613), A. dracunculus L. bears the Polish name “torchun”, besides Dracunculus hortensis, Dragoncellus esculentus and also Draconkraut and Dragoncello. Its leaves are described as “elongated as flax leaves”, and the taste as “very peppery” or “spicy”. The plant has drying, warming and stimulating properties, relieves toothache, “removes mucus from the head”, stimulates digestion and has a diuretic effect. Commonly, tarragon is used in place of lettuce or in salad with other “green cabbages”, or just with salt. As a spice, it restores the appetite, eaten with salad or meat (Syrennivs, 1613).
In Krzysztof Kluk’s plant dictionary (“Dykcjonarz roślinny”, 18th c.), the colloquial name “draganek” is given, with the information that it grows in gardens, has lanceolate leaves, tasting “very spicy and pleasant”, which strengthen the stomach, “are suitable for salads and seasoning dishes; the vinegar containing these leaves can be very useful on the table” (Kluk, 1805).
In the 18th and 19th centuries, the stimulating tarragon herb was used in Europe as a spice plant rather than a medicinal plant (Reizend, mehr in der Küche als in der Medizin angewendet), which is confirmed by pharmacopoeias and dispensatories of that time: Dispensatorium pharmaceuticum Brunsvicense (Brunsvig 1777), P. J. Bergius, Materia Medica e Regno vegetabili (Stockholm 1782), Pharmacopoea Hispanica (Madrid 1798), Pharmacopoea Wirtemberica (Stuttgart 1798), Codex Medicamentarius sive Pharmacopoea Gallica (Paris 1818), V. L. Brera, Riccettario clinico (Padova 1825). The information given in them is as follows: Artemisia dracunculus L., Kaisersalat, Dragunbeifuß, Dragonkel, Estragon, Serpentine: southern European plant, grown in gardens; use is made of the herb–Herba Dracunculi esculenti sive hortensis–with thin, narrow, lanceolate, green leaves, which have a weak spicy aroma and a sharp, pungent, slightly spicy flavor (Jourdan, 1829).
The 19th-century Real-Encyclopädie der gesamten Pharmazie (1886), apart from providing a morphological description, states that A. dracunculus (Dragun, Bertram) is used as a spice, especially in the form of tarragon vinegar (Acetum Dracunculi) (Vulpius, 1887). The recipe for it can also be found in the Pharmaceutical Encyclopedia by L. Rządkowski: Acetum Dracunculi–Tarragon vinegar: Herbae Dracunculi recentis concisae 100, Aceti Vini 1000, Ac. Salicylici 1 – digest for eight days, squeeze in a wooden press, heat to a temperature not exceeding 100°C, filter after a few days. Pour into small bottles, tightly cork, and store lying down (Rządkowski, 1937).
APPLICATIONS IN TRADITIONAL MEDICINE AROUND THE WORLD
In traditional medicine, A. dracunculus is used in ailments of the digestive system, and as an appetite and digestive stimulant, especially when red meat is consumed in large quantities (Uhl and Strauss, 2000). Moreover, the A. dracunculus herb was used to accelerate the metabolism (Senderski, 2007). It was also used as an anesthetic for toothache, wounds and cuts (Mamedov et al., 2004). In Europe the plant’s uses also included constipation, intestinal cramps, ulcers and cancer (Obolskiy et al., 2011). In Arabic cultures, the species was used in the treatment of insomnia, gingivitis, foot and mouth disease and as an agent for masking the taste of medicines, while in Central Asia, including Russia, it was used to treat irritation, allergic rashes, gastritis, dyspepsia, dermatitis, and to promote digestion and improve appetite (Mamedov et al., 2004; Sharopov et al., 2020). In Azerbaijan, A. dracunculus was used as an anti-epileptic drug (Alakbarov, 2001). Indian traditional medicine–Ayurveda–relates that the species is effective in the treatment of helminthiasis, intestinal smooth muscle spasms, fever of various origins, and a good tonic, an immunostimulant and to regulates the menstrual cycle (Miller and Miller, 1998; Obolskiy et al., 2011). Native people of Himachal Pradesh and Kashmir use a paste from the leaves of A. dracunculus in the treatment of wounds on the legs of yaks and donkeys. Moreover, they use extract of tarragon for toothache, fever, dysentery, intestinal worms and stomach ache (Joshi et al., 2016).
APPLICATIONS IN MODERN PHYTOTHERAPY AND POSITION IN GLOBAL MEDICINE
A. dracunculus is not a pharmacopeial species. The use of the species in medicine is based only on traditional medicine, but the plant has been a frequent subject of research in many centers around the world, especially in Iran. New findings on the biological activity of extracts from the herb, leaves, and essential oil of this species–proven by scientific research conducted over the last 10 years–are presented below. The partially known mechanisms of action of A. dracunculus are presented in Table 3.
TABLE 3 | Pharmacological properties of A. dracunculus.
[image: Table 3]BIOLOGICAL ACTIVITY CONFIRMED BY SCIENTIFIC RESEARCH
Antibacterial and Antifungal Activities
Abdollahnejad et al. conducted a comparative study of the antibacterial potential of A. dracunculus herb oil obtained from two different methods: steam distillation and experimentally modified steam distillation. The experiment was carried out using the disk diffusion method and the microdilution method against Staphylococcus aureus, S. epidermidis, Micrococcus luteus, Bacillus subtilis, B. cereus, Listeria monocytogenes, Streptococcus pyogenes, S. typhimurium, Escherichia coli, Klebsiella pneumoniae, Shigella flexneri, S. marcescens, Pseudomonas aeruginosa and Salmonella spp. All these bacteria were found to be sensitive to the essential oil of A. dracunculus, with S. epidermidis showing the largest zone of inhibition (21.5 mm). The MIC value for Gram-positive bacteria did not differ significantly between oils obtained from the different methods, but a significantly lower MIC (minimum inhibitory concentration) value for Gram-negative bacteria was recorded for oil obtained with the modified steam distillation method (Abdollahnejad et al., 2016).
Two years later, a research team from the same facility conducted another experiment confirming the antibacterial activity of A. dracunculus oil against Staphylococcus aureus, Klebsiella spp., Salmonella typhimurium, Staphylococcus epidermidis, Proteus spp. and Corynebacterium diphtheriae. The essential oil was tested with agar well diffusion. A significant inhibitory effect on the growth of S. aureus, Proteus spp. and C. diphtheriae bacterial strains was demonstrated. The MIC value for these bacteria was determined using the essential oil at a concentration of 0.03 and 25 mg/ml (Tajbakhsh and Soleimani, 2018).
Another study evaluating the antibacterial activity of A. dracunculus essential oil was conducted in 2020 by Socaciu et al. The experiment was aimed at assessment of the usability of the oil in antibacterial edible films. Bacteriostatic and bactericidal activities were evaluated with the Kirby-Bauer disk diffusion test, the minimum inhibitory concentration test (MIC) and the minimal bactericidal concentration (MBC) test. The results of the first test revealed the greatest inhibition of the growth of Salmonella enteritidis than Staphylococcus aureus, Escherichia coli and Listeria monocytogenes. The MIC and MBC tests displayed the highest bacteriostatic and bactericidal activity against Escherichia coli (5.14 MIC; 5.14 MBC) whereas in Listeria monocytogenes the bactericidal effect was poorer (5.14 MIC; 10.80 MBC) and lower values of MIC and MBC tests were obtained in Salmonella enteritidis (10.80 MIC; 10.80 MBC), and Staphylococcus aureus (10.80 MIC; 22.68 MBC) strains (Socaciu et al., 2020).
In 2016, conducted a study evaluating the antibacterial and antifungal activity of hydro-ethanolic extract of A. dracunculus. MIC and MBC tests along with the minimum fungicidal concentration test (MFC) were carried out to assess the antimicrobial activity of the extract. The experiment determined significant bactericidal activity of the extract and inhibition of the growth of Staphylococcus aureus, methicillin resistant (MRSA) Bacillus cereus, Micrococcus flavus, Listeria monocytogenes, Pseudomonas aeruginosa, antibiotic resistant (A.R) Pseudomonas eruginosa, Salmonella typhimurium, Escherichia coli, A.R. Escherichia coli and Enterobacter cloacae strains. Bacillus cereus being the most sensitive to the influence of hydro-ethanolic extract of tarragon (0.02 MIC; 0.08 MBC) followed by A.R Pseudomonas aeruginosa (0.04 MIC; 0.08 MBC) and Enterobacter cloacae (0.04 MIC; 0.08 MBC). Moreover, application of the extract in fungal colonies confirmed a notable decrement of the growth of the colonies and the fungicidal effect against Aspergillus fumigatus, Aspergillus versicolor, Aspergillus ochraceus, Aspergillus niger, Trichoderma viride, Penicillum funiculosum, Penicillium ochrochloron, Penicillium verrucosum. The MIC test results didn’t differ significantly in different colonies. Interestingly, Aspergillus versicolor and Aspergillus niger had lower responses in the MFC test (0.16) compared with the remaining fungi species (0.08) (Ribeiro et al., 2016).
The effect of hydro-ethanolic extract of A. dracunculus leaves on C. albicans infection was investigated. The experiment was carried out on an animal model (mouse). The rodents were treated intraperitoneally with the plant extract in doses of 50, 100, 200 mg/kg, then they were infected with 0.2 ml of a suspension at a concentration of 105 colony-forming units per millilitre (CFU/ml). After sacrificing the animals, the concentration of the pathogen in liver and kidney homogenates was determined. It was found that the growth of C. albicans was significantly inhibited. For the maximum dose of the extract – 200 mg/kg, the concentration of the pathogen in the liver was 16.08 colony-forming units per gram of test material (CFU/g), and no traces of its presence were found in the kidneys. The amount in the control was 36.28 CFU/g and 53.31 CFU/g, respectively (Zarasvand et al., 2016).
In the other study, used the disk diffusion method, the pour-plate method and the dilution method to investigate the antibacterial and antifungal activities of a spice produced from A. dracunculus against strains of the bacteria: Pseudomonas aeruginosa, Proteus vulgaris, Escherichia coli, Bacillus cereus, B. subtilis, Staphylococcus aureus, Streptococcus pyogenes, and the fungi: Aspergillus fumigatus, Penicillium expansum and Candida albicans. At a concentration of 20 mg/ml, a hydro-ethanolic extract from the spice showed antimicrobial activity in the disk diffusion method. The largest zone of growth inhibition was observed for S. pyogenes (18 mm), and the smallest for P. aeruginosa (9 mm). In the pour-plate method, the extract at a concentration of 2 mg/ml was effective against S. pyogenes, S. aureus, B. subtilis, B. cereus, C. albicans and A. fumigatus. The extract showed antibacterial activity, but did not completely inhibit the growth of E. coli and P. expansum, and was ineffective against P. vulgaris and P. aeruginosa. In the microdilution method, the MIC value of the tarragon extract ranged from 2 to 32 mg/ml (Behbahani et al., 2017).
Majdan et al. investigated the antibacterial effects of aqueous extract of A. dracunculus. The study was conducted to evaluate the antibacterial activity of an infusion of aerial parts of tarragon against Gram-positive bacteria: Staphylococcus aureus, S. epidermis, Corynebacterium diphtheriae, Enterococcus hirae and Gram-negative bacteria: Klebsiella pneumoniae, Escherichia coli, Proteus vulgaris and Helicobacter pylori colonies. The values of concentrations of the extracts used in the assay ranged from 0.004 to 94.000 mg/ml (mg-relates to dry extract of A. dracunculus and mL relates to sterile distilled water). The results demonstrated that tarragon infusion was particularly effective against Staphylococcus aureus (MIC 0.09 mg/ml), to a lesser extent it also impeded growth of Staphylococcus epidermis (MIC 0.363 mg/ml), Corynebacterium diphtheriae (MIC 5.9 mg/ml) colonies, Staphylococcus aureus MRSA (MIC 2.35 mg/ml) and Helicobacter pylori (MIC 11.75 mg/ml) colonies. On the contrary, minimal antimicrobial activity was displayed in Klebsiella pneumoniae (MIC 47 mg/mL) and Enterococcus hirae (MIC 23.5 mg/ml). Notably, Escherichia coli and Proteus vulgaris strains turned out to be invulnerable to the antimicrobial activity of the infusion (Majdan et al., 2020).
Antiprotozoal Activity
Iranian researchers have investigated the potential of hydro-ethanolic extract of A. dracunculus in the treatment of leishmaniasis. They tested the effectiveness of various concentrations of the extract (100–1000 μg/ml) by applying them to the promastigote forms of Leishmania major grown in vitro. The recorded MIC values of the extract after 24, 48 and 72 h were: 962.03, 688.36 and 585.51 μg/ml, respectively, which indicates that the plant extract can be used in the treatment of leishmaniasis (Mirzaei et al., 2016).
Antioxidant Effect
The antioxidant potential of A. dracunculus was assessed. For this purpose, fresh tarragon, purchased from the local market, was subjected to extraction with water and ethanol. The extract underwent a DPPH test and was used to determine total amounts of phenols and flavonoids by the spectrophotometric method. The estimated total phenolic content was 24.1 mg/g dry weight (as gallic acid eq.) and the total flavonoid content was 20 mg/g dry weight (as quercetin eq.). In the DPPH test, the IC50 value was 65.5 μg/ml, which confirms that A. dracunculus extracts can produce antioxidant effects (Behbahani et al., 2017).
The antioxidant activity has also been confirmed by other study where performed DPPH and ABTS tests and assessed the total phenolic content, thus verifying the activity of the hydro-ethanolic extract from the A. dracunculus herb. The total amount of phenols, expressed as gallic acid equivalents, was 197.22 mg/g dry weight. High activity of the extract was also demonstrated in the DPPH and ABTS tests (Zarezade et al., 2018).
The antioxidant activity of hydro-ethanolic extract of tarragon was also evaluated. First, Ribeiro et al. analyzed the phenolic content of the extract with HPLC. The results showed 147.5 mg of the phenolic content in 1g of the dried product including approximately 31.9 mg/g of flavonoids and 115.6 mg/g of phenolic acids. Then the team used different methods of assessing the antioxidant activity: the DPPH test examining radical scavenging activity, the β-carotene/linoleate test, reducing power was measured by the capacity to convert Fe3+ to Fe2+ and the TBARS assay evaluating the level of lipid peroxidation. Ribeiro et al. used ascorbic acid as a positive control. The results displayed that the extract is most effective as a reducing agent (Ribeiro et al., 2016).
In 2017, the researches from Iran and USA together also carried out DPPH tests, in addition to the ferric reducing antioxidant power (FRAP) test. For the experiment, hydro-methanolic extracts were used, which were prepared from the herb of A. dracunculus collected from various parts of Iran. The results showed that the antioxidant potential depended on the region from which the harvested plants originated. It was positively correlated with the concentration of compounds with phenolic and flavonoid structures. The highest reducing capacity was proven for extracts from the A. dracunculus herb collected in Birjand (a city in eastern Iran) – in the DPPH test the IC50 value was 0.039 mg/ml; in the FRAP test the extract was reduced 148.29 μmol Fe2+/g dry weight. The total amount of phenols calculated as gallic acid equivalents was 96.52 mg/g dry weight, and the total amount of flavonoids calculated as rutoside equivalents was 50.4 mg/g dry weight (Mumivand et al., 2017).
Anti-inflammatory and Analgesic Effects
The Iranian research centers have investigated the antinociceptive and anti-inflammatory potential of an ethanolic extract from the A. dracunculus herb. The potential analgesic effect was verified in an animal model (mouse) using the hot plate test, the writhing test and the formalin test. Anti-inflammatory activity was assessed in a xylene-induced ear edema model. The study group received intraperitoneally the herbal ethanolic extract in doses of 5, 10, 50, or 100 mg/kg BW (body weight), while the control group was intraperitoneally administered a saline solution. Reduction in pain sensation was observed in all three tests. In the hot plate test, the extract administered in doses of 50 and 100 mg/kg increased the pain threshold after one hour. Interaction with opioid receptors may be responsible for the analgesic effect of the plant extract, as administration of naloxone to the animals reduced the antinociceptive effect of the extract. Anti-inflammatory activity has also been confirmed a significant reduction in ear edema was demonstrated with the extract administered in doses of 50 and 100 mg/kg (Eidi et al., 2016).
A study carried out by Majdan et al. mentioned above, evaluated the anti-inflammatory activity of aqueous extract of A. dracunculus. In the experiment researchers used neutrophils derived from venous peripheral blood from healthy human donors. Thereafter, to assess the secretion of cytokines after the incitement of neutrophils, an enzyme-linked immunosorbent assay (ELISA) was used. The application of aqueous extract of tarragon produced a decrement of the release of IL-8 (by 4.0 and 4.8%) and TNFα (by 7.8 and 5.2%). Moreover, ROS production was also measured. It was evaluated by microplate reader which displayed an inhibition of ROS production by 1.4% (Majdan et al., 2020).
Immunomodulatory Action
An experiment was conducted on laboratory animals (mice) to evaluate the immunomodulatory properties of an aqueous extract of A. dracunculus herb. The mice were immunized intraperitoneally with sheep erythrocytes then orally administered an aqueous extract of the A. dracunculus herb. An increase in the level of antibodies to sheep erythrocytes and a decrease in cellular immunity were documented. The treatment was also shown to reduce the production of pro-inflammatory agents–IL-17 and IFN-γ, and to increase the phagocytic potential of macrophages. The authors of the study concluded that an aqueous extract of the A. dracunculus herb could be a good immunomodulating agent; moreover, it was free from potentially harmful estragole and methyl eugenol (Abtahi Froushani et al., 2016).
The studies on the potential use of aqueous extract of A. dracunculus in the treatment of multiple sclerosis were performed, too. The experiments were carried out on mice in which autoimmune encephalomyelitis (EAE) was induced with the myelin oligodendrocyte glycoprotein. This model is an experimental animal model for multiple sclerosis. It has been proven that giving rodents aqueous extract of A. dracunculus significantly alleviates the symptoms of the disease. By using the iron (III) reduction method, an increase in the antioxidant potential was verified. The use of the extract also reduced the level of inflammatory cytokines (IL-17 and IL-23) and the infiltration of leukocytes into brain cells. The results of the study indicate that the compounds contained in A. dracunculus can potentially be used in the treatment of multiple sclerosis (Safari et al., 2019).
Studies of Modaresi et al. determined the effect of hydro-ethanolic extract from A. dracunculus leaves on the hematological parameters of mice. The parameters assessed were levels of leukocytes, erythrocytes, lymphocytes, monocytes and neutrophils. It was demonstrated that intraperitoneal administration of the extract at a dose of 200 mg/kg significantly increased the level of neutrophils in the blood of rodents and reduced lymphocyte levels. There were no significant effects on the number of leukocytes, red blood cells or monocytes (Modaresi et al., 2018).
Antidepressant Effect
Ethanolic extract of A. dracunculus was tested for its potential to increase mental resilience. The study was conducted on mice administered orally with extract of A. dracunculus shoots. A model of depression with repetitive stress caused by fear of social failure was tested by leaving the rodents in a cage with an aggressive individual for 10 min and checking their tendency to avoid contact. The treatment was shown to increase resistance to depression and to reduce the level of inflammatory cytokines associated with the presence of stress (Wang et al., 2018).
An experiment conducted in 2019 has confirmed the antidepressant activity of the species. Harvested herb of A. dracunculus was subjected to extraction with ethanol, then the activity of the extract was assessed on animals (NMRI mice and Swiss mice), by performing the forced swim test, the writhing test, and the open-field test. The results of the study showed a reduction in immobility time in the forced swim test (for the extract dose of 400 mg/kg the immobility time was 153.6 s, and was shorter compared to the control group, in which the immobility time was 202.3 s), a reduction in immobility time in the writhing test (for the extract dose of 200 mg/kg the period of immobility was 117.2 s, and was shorter compared to the control group, in which the immobility time was 142.6 s). In the open-field test, the rodents’ mobility did not change significantly, except for the trial with Swiss mice, which were administered 100 mg/kg of A. dracunculus herb extract.
The authors of the study associate the plant’s antidepressant activity with the presence of phenolic and flavonoid compounds, such as chlorogenic acid, caffeic acid or luteolin and quercetin (Jahani et al., 2019).
In 2020 scientists from Turkey carried out an experiment evaluating the influence of A. dracunculus extracts on human monoamine oxidase A (hMAO-A) and monoamine oxidase-B (hMAO-B). Isoenzymes are an important factor in the development of neurodegenerative diseases such as Alzheimer’s disease and Parkinson’s disease as well as in depression. Inhibitors of the enzymes have displayed efficiency in the treatment of neurodegenerative diseases and they are being used in treatment of clinical depression and anxiety. The teams prepared extracts of tarragon with different solvents: ethyl acetate, acetone, methanol and water to compare the activity of various types of extracts. Moreover, pure metabolites herniarin and skimmin were also tested to verify their influence on the isoenzymes. The results determined a nonselective and lower inhibitory activity of tarragon extracts and pure metabolites on hMAO-A and hMAO-B in comparison with reference inhibitors (Selegiline and Clorgyline). The most effective of the extracts proved to be the methanol extract. Interestingly, pure metabolites had lower inhibitory activity on hMAO-A and hMAO-B compared with extracts. In this regard, the researchers suggested that there are synergistic interactions between compounds of the extract (Aydin et al., 2020).
Anti-Tumor Effect
Researchers from Mexico have assessed the effect of A. dracunculus leaf extract on the proliferation of mouse lymphoma L5178Y cells. Extraction of the plant material was performed with hexane, ethyl acetate, acetone, ethanol, acetonitrile and supercritical carbon dioxide (scCO2). Anti-tumor activity was assessed using a tumor growth inhibition test that included measuring ascitic fluid volume and the number of tumor cells after administration of the plant extract to mice. In the control group the tumor cell count was 17.969 × 106, whereas in the group of mice receiving the acetonitrile extract from A. dracunculus leaves the cell count was 0.1 × 106. Oral administration of the extract obtained with supercritical carbon dioxide reduced the number of cells to 12.9 × 106, whereas intraperitoneal administration of the same extract reduced the number of cells to 0.1 × 106. The anti-tumour activity of the acetonitrile extract is likely related to the high concentration of polyphenols, and the effect of the scCO2 extract is attributed to the presence of a higher concentration of alkamides in it (Navarro-Salcedo et al., 2017).
Hepatoprotective Action
The hepatoprotective activity of a hydro-alcoholic extract of the herb of A. dracunculus was confirmed in 2018 as part of the cooperation between three research centers in Iran. In the course of the experiment, rats were given 50, 100, or 200 mg/kg of the extract for 15 days, followed by a single dose of carbon tetrachloride. Evidence was documented of a reduction in the levels of alanine transaminase, aspartate transaminase, alkaline phosphatase and total bilirubin, as well as a total protein increase. Histopathological examination also confirmed less liver damage in the group of animals given the herbal hydro-alcoholic extract (Zarezade et al., 2018).
Hypoglycaemic Action
The effect of ethanolic extract of A. dracunculus herb on controlling glycaemia, insulin sensitivity and insulin secretion was tested. For this purpose, a randomized, double-blind clinical trial was conducted in 24 patients diagnosed with impaired glucose tolerance. Twice daily, the encapsulated ethanolic extract of A. dracunculus was administered at 1000 mg for 90 days. The documented results show a significant decrease in systolic blood pressure (120 mm Hg in the control group, 113 mmHg in the test group), a decrease in glycosylated hemoglobin concentration (5.8% in the control group, 5.6% in the test group), a decrease in the area under the curve for insulin levels (56.136–27.426 pmol/L in the control group, 44.472 to 23.370 pmol/L in the test group), and a reduction in the insulinogenic index (0.45–0.23 in the control group, 0.35 to 0.18 in the test group). HDL cholesterol levels increased. The results of the study showed that A. dracunculus herb extracts may in future be used as a therapeutic agent in the treatment of impaired glucose tolerance (Méndez-Del Villar et al., 2016).
Thyroid Hormone Profile Regulation
The study assessed whether the A. dracunculus herb could be used in hypothyroidism. It was conducted on a group of forty-eight rats in which hypothyroidism was induced by the administration of propylthiouracil. The rodents were orally administered an aqueous extract of the herb. Samples of the animals’ blood were taken during the experiment. A significant increase in the level of thyroxine and triiodothyronine was proven after the administration of 300 mg/kg of the plant extract; moreover, a decrease in the elevated level of thyrotropin was recorded in the negative control group. At a dose of 200 mg/kg, the extract increased the total antioxidant capacity (TAC) and the level of glutathione. There was also a decrease in the level of malonaldehyde, a marker of oxidative stress. The research results indicate that A. dracunculus aqueous extract may improve the thyroid hormone profile, but further research is needed (Mohammadi et al., 2020).
Inhibition of Carbonic Anhydrase I and II Activity
The study verified whether A. dracunculus herb extracts obtained with n-hexane, dichloromethane, ethanol and methanol are inhibitors of carbonic anhydrase I and II (hCA I and hCA II). In the body, these enzymes catalyze the reaction between water and carbon dioxide, which produces a proton and a bicarbonate anion. This reaction has a significant impact on the water content inside the eyeball. With excess fluid build-up, intraocular pressure rises, which can lead to the development of glaucoma. In the study, the highest activity (IC50 = 0.02 μg/ml for hCA I, and IC50 = 0.31 μg/ml for hCA II) was demonstrated for the dichloromethane extract. In order to determine the active compounds responsible for the action, the following main components were isolated from the dichloromethane extract: trans-anethole, stigmasterol, herniarin (2E, 4E)-N-isobutylundeca-2,4-diene-8,10-diynamide (2E, 4E)-1-(piperidin-1-yl)undeca-2,4-diene-8,10-diyn-1-one and 1-(4′-methoxyphenyl)-1,2,3-trihydroxypropane. All these compounds inhibited the activity of hCA I and hCA II. The action of 1-(4′-methoxyphenyl)-1,2,3-trihydroxypropane was more potent than that of the control acetazolamide. On the basis of their research, the authors of the study concluded that A. dracunculus herb extracts, like anhydrase I and II inhibitors, can reduce the accumulation of fluid inside the eyeball and thus be used in the treatment of glaucoma (Aydın et al., 2019).
Insect-Repelling Action
Italian researchers have verified that the essential oil obtained from the herb A. dracunculus can act as a repellent against a species of dipterous flies–Calliphora vomitoria (the blue bottle fly). The insect, which is a synanthropic species, is responsible for the transmission of many pathogenic microorganisms–Salmonella typhimurium, Entamoeba coli, and Giardia duodenalis. Larvae that hatch from its eggs deposited on animal or human tissue cause myiasis. The essential oil of the plant has been shown to deter C. vomitoria from laying eggs in fresh beef. At an oil concentration of 0.05 μL/cm2, complete inhibition of egg laying by the insect was demonstrated (Bedini et al., 2017).
Osanloo et al. (2017) conducted a study confirming larvicidal activity of tarragon essential oil against Anopheles stephensi–mosquitos that are responsible for spreading malaria in the Arabian Peninsula, Indian subcontinent, Afghanistan and Iran. Chemical larvicides which are widely used to control the disease cause environmental pollution and desensitization of some species to active agents. Therefore, nanoemulsion of A. dracunculus essential oil was tested as a natural alternative to chemical products. The results showed that nanoemulsion consisting of 0.35% tarragon oil, 10% of Tween 20 and deionized water has a comparable larvicidal activity to chemical larvicides (Osanloo et al., 2017).
APPLICATIONS IN COSMETOLOGY
The European CosIng database allows the use of A. dracunculus in six forms (European Commission CosIng, 2020). The species is used in the cosmetics industry as an ingredient in skin care products, fragrances and masking agents. In cosmetology, A. dracunculus is used in the production of moisturizing creams, shampoos, lotions and cleansing milk. These preparations are used to care for the skin of the scalp, body and face (Table 4). The essential oil obtained by steam distillation is widely used as a component in perfumes (Aglarova et al., 2008). It is also used in aromatherapy during massages and baths and is added to facial masks and compresses (Hassanzadeh et al., 2016; Mumivand et al., 2017). Products containing tarragon are offered by both European and non-European cosmetics companies. Among them are brands such as the English Lush Cosmetics, the Italian L'Erbolario Assenzio, the German AER Scent, the French Florame, the Swedish Timotei, the Azerbaijani Buta and the South Korean Missha. As a component of women’s and men’s perfumes, the oil of A. dracunculus is very often used by prestigious fashion brands, such as the Italian Prada, Versace, Dolce & Gabbana, the French Givenchy and Chloé, the American Calvin Klein and Tom Ford, and many others.
TABLE 4 | Applications of A. dracunculus in cosmetology as recommended by the CosIng database.
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The US Food and Drug Administration (FDA) states that the composition of the spice tarragon includes dried leaves and flowering tops of A. dracunculus (Food and Drug Administration, 1980). Tarragon is usually used as a seasoning for meat, sauces, rice dishes, fish and marinades. It has preservative properties, so it is keenly used for pickling cabbage and cucumbers, marinating pumpkins, and for the production of tarragon mustard and herbal vinegars. It is recommended for people on a salt-free diet because it improves the taste of dishes (Kordali et al., 2005; Méndez-Del Villar et al., 2016; Çorapcı et al., 2020). It is also added to infusions, refreshing drinks, alcoholic and non-alcoholic drinks such as “Tarkhun” – a carbonated, non-alcoholic drink, the main ingredient of which are fresh A. dracunculus leaves. Fresh tarragon leaves can be used as side dishes or garnishes with meat dishes and in vegetable salads (Goldstein, 1999; Ribnicky et al., 2004; Aglarova et al., 2008).
The nutritional composition of tarragon comprises a high content of carbohydrates (88g/100 g dried weight), lower amounts of fructose and sucrose as well as low levels of fat with a predominance of polyunsaturated fatty acids (Ribeiro et al., 2016). Use of the species in the food industry varies from country to country. Tarragon is a important herb in French cuisine. French tarragon or estragon comes from there and is the most popular variety of the spice for use in cooking. French tarragon has a refreshing, sweet and slightly bitter fragrance. The ground parts are used whole, both fresh and dried. After drying, it is milled or crushed. However, the fresh herb is more desirable, as dried herbs quickly lose their qualities. In France, tarragon is one of the key plants used in the production of Dijon mustard, cream sauces and mayonnaize. Armenians use tarragon to season vegetables, fish and meats. In Slovenia, tarragon is used to season the pastry called ‘potica’. In the United States, it is added to vinegar, tartar sauce and seafood (Goldstein, 1999; Ribnicky et al., 2004; Aglarova et al., 2008; Çorapcı et al., 2020).
The taste of A. dracunculus depends on the variety. French tarragon has a sweet taste and aroma similar to liquorice, with a slightly bitter aftertaste. Another description of French tarragon says that it has a herbaceous flavor similar to anise and basil. Russian tarragon is more bitter and pungent, devoid of the anise flavor (Uhl and Strauss, 2000).
Professional studies suggest that hydro-ethanolic extract of A. dracunculus, with its antimicrobial activity, can be considered a potential candidate for application in food as a preservative. Additionally, hydro-ethanolic extract is less toxic compared to essential oils, therefore, it has the potential to be used in the food industry. Furthermore, tarragon extract also displayed improvement in the fracture of pizza dough as well as a lower influence on dough darkening compared with ascorbic acid (Gottardi et al., 2016; Ribeiro et al., 2016).
A notable potential application of A. dracunculus essential oil is in edible antibacterial films used to prevention food spoilage. In 2020 a study by Socaciu and co-authors confirmed the antibacterial and antioxidant activity of tarragon oil. Moreover, the experiment also evaluated the influence of the oil on the qualities of edible antibacterial film. The results show that the application of essential oil in the film forming solution improved water solubility, protection against VIS light, puncture resistance, elasticity and transparency of the film and an increased of its moisture content. Therefore, tarragon oil can be considered an alternative to synthetic compounds in food packaging applications (Socaciu et al., 2020).
SAFETY OF USE
The FDA lists A. dracunculus and the oils and extracts derived from this species as safe for use (Food and Drug Administration, 2020). However, there have been reports of potential toxicity of the main components of the essential oil of the plant–estragole and methyl eugenol (Obolskiy et al., 2011). Methyl eugenol and estragole, as components of A. dracunculus, have both undergone extensive safety checks. Tests on animals administered estragole orally or subcutaneously have shown induction of liver tumors in mice. The appearance of tumors is associated with the formation of 1′-hydroxyestragole. This metabolite was also present in the urine of men who were given 100 μg of estragole for six months. Both compounds (estragole and 1′-hydroxyestragole) promoted abnormal DNA synthesis in rat hepatocytes, in both in vivo and in vitro tests (European Commission Health and Comsumer Protection Directorate - General, 2001).
Methyl eugenol has also been found to induce liver tumors in animal studies (rats and mice) and, additionally, the formation of neuroendocrine tumors in the glandular stomach. Neoplasms of the kidney, mammary glands and subcutaneous tissue, and mesotheliomas have also been documented in rats. High doses of methyl eugenol (minimum 30 mg/kg for 25 days) induce auto-induction of P450 cytochromes, leading to the formation of the carcinogenic 1′-hydroxymethyl eugenol. As in the case of estragole, methyl eugenol and its metabolites promote unplanned DNA synthesis; moreover, methyl eugenol forms DNA adducts (European Commission Health and Comsumer Protection Directorate-General, 2001).
After analyzing the available data, the European Food Safety Authority (EFSA) classified estragole and methyl eugenol as genotoxic and carcinogenic compounds. However, a safe threshold for their consumption has not been established. The Commission recommends limiting the use of both compounds (European Commission Health and Comsumer Protection Directorate - General, 2001).
The data of European Medicines Agency - The Committee on Herbal Medicinal Products (HMPC) from 2019 regarding the estragole use claimed that “there is the evidence of genotoxic carcinogenicity, exposure to this compound; estragole should be kept as low as practically achievable. In the evaluation of herbal medicinal products containing estragole Member States should take steps to ensure that the public are protected from exposure.” HMPC recommended the acceptable intake of estragole per day for adults - 51.8 mg/kg of body weight, and for children - 1.0 μg/kg of body weight. Moreover, report concluded, that the intake of estragole from (traditional) herbal medicinal products in the population should be as low as possible (European Medicines Agency - The Committee on Herbal Medicinal Products (HMPC), 2019).
PLANT BIOTECHNOLOGY RESEARCH
Due to the extensive use of tarragon in the food industry, large losses incurred with the traditional methods of its cultivation, difficulties in vegetative reproduction, and diseases of the cultivated plants, research is being conducted on alternative, biotechnological methods of propagating A. dracunculus.
In 2012, scientists developed an efficient protocol for micropropagation of the French variety of A. dracunculus. Plant cuttings 20 mm long were cut into 1 mm long pieces. These were then used to establish cultures in Murashige & Skoog (MS) liquid media, with five apical meristems as the experimental unit. In order to propagate the plant material, the established cultures were transferred to solid MS media. The tested propagation protocols differed from one another in the concentrations of indole acetic acid (IAA) and kinetin (KIN) added to the medium. The MS medium enriched with only 0.1 mg/L each of IAA and KIN, proved to be the most effective. The length of the sprouts was 11.19 mm and the multiplication index was 1.97. Thirteen days after planting, 100% rooting was achieved. As an alternative method of propagation, the authors of the study placed the propagating pieces horizontally on a solid MS medium supplemented with 0.5 mg/L KIN and 0.5 mg/L IAA. The sprout length was 10.31 mm and the multiplication index was 1.87; good callus induction and leaf development were also demonstrated. The time required to establish the in vitro culture was three weeks (Fernández-Lizarazo and Mosquera-Vásquez, 2012).
Türközü et al. also undertook to develop an A. dracunculus micro-propagation protocol. They proved that the highest efficiency (92%) could be obtained by growing cultures in MS medium supplemented with 1.8 µM 6-benzyladenine (BA) and 0.3 µM 1-naphthylacetic acid (NAA). They also reported an adverse effect of the addition of gibberellic acid (GA3) on microshoot development. The longest roots were obtained in the plants grown on MS medium with the addition of indolelbutyric acid (IBA) at a concentration of 0.5 mg/L (44 mm) and on ½ MS medium with 0.5 mg/L IBA (46 mm) (Türközü et al., 2014).
Another team of Ibrahim et al. has tested the performance of various explants–leaves, stems and roots of A. dracunculus in establishing in vitro cultures. Leaf explants placed on MS medium supplemented with 1.0 mg/ml of 2,4-dichlorophenoxyacetic acid (2,4-D) proved to be the best starting material for callus induction. For root and stem explants, no statistically significant effects were obtained. It was also proved that the best callus induction was caused by the addition of 0.5 mg/L BA and 0.1 mg/L NAA (75 shoots). It was also shown that the concentration of estragole in the cultured plants correlated with the type of explant and the phytohormone concentrations used. Estragole was not detected in the roots; the highest amount of it (16.7% estragole per g dry weight) was isolated from one-node cultures after the application of 0.5 mg/L 2,4-D (Ibrahim et al., 2011).
SUMMARY
A. dracunculus has been a frequent subject of research in the last few years, regarding both the chemistry and biological activity of extracts obtained from the herb and/or leaves, and the essential oil. Phytochemical tests have confirmed the presence of numerous flavonoid compounds, phenolic acids, coumarins and alkamides in the herb and leaves, as well as a very high variability of the chemical composition of the essential oil. Contemporary research on the biological activity of the above-mentioned raw materials has proven new findings in their activity–antibacterial, antifungal and antiprotozoal effects, as well as extremely valuable antioxidant, immunomodulatory and antineoplastic properties. These studies have also proven hepatoprotective, hypoglycaemic and thyroid-regulating effects. An antidepressant effect has also been documented. The anti-inflammatory and analgesic effects known from traditional medicine applications have also been confirmed.
The popularity of A. dracunculus in the production of cosmetics is also surprising. For this purpose, the essential oil of tarragon, extracts from the flowers, leaves, stems and seeds, as well as from the whole herb and roots are used. The essential oil is also used in aromatherapy treatments and in the production of perfumes. Cosmetics based on this species are offered by both European cosmetics companies (mainly English, German, French, Swedish) and non-European companies (mainly South Korean and Azerbaijani). The herb of the species is widely used for seasoning purposes and as an additive to alcoholic and non-alcoholic beverages. The species is the subject of research in the field of plant biotechnology, which mainly concerns the development of micropropagation protocols. The most valuable findings in the professional scientific research conducted has been the proof of new areas of the biological activity of the A. dracunculus herb and/or leaf extracts and essential oil–mainly their antioxidant, immunomodulating and antineoplastic effects, as well as the hepatoprotective and hypoglycaemic effects. The species, known thus far as a spice plant, appears to be an extremely valuable medicinal and cosmetic plant.
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The smoketree (Cotinus coggygria) is a historically known medicinal plant from Southeast Europe. Its ethnomedicinal use in skin and mucosal lesions is commonly accepted across countries. Other utilizations reported locally include fever reduction, cardiac diseases, hypertension, urinary diseases, cough, asthma, hemorrhoids, diabetes, numbness of arm, liver disease, and cancer. Departing from the smoketree’s traditional uses, this review summarizes investigations on the phytochemistry and bioactivity of the plant. In vitro and in vivo experiments supporting wound-healing, anti-inflammatory, antibacterial, cytotoxic, antioxidative, hepatoprotective, and antidiabetic effects are presented. Metabolites from smoketree that are responsible for the main pharmacological effects of smoketree are pointed out. Furthermore, the review performs a comparison between C. coggygria and the lacquer tree (Toxicodendron vernicifluum). The latter is a comprehensively studied species used in Asian phytotherapy, with whom the European smoketree shares a consistent pool of secondary metabolites. The comparative approach aims to open new perspectives in the research of smoketree and anticipates an optimized use of C. coggygria in therapy. It also points out the relevance of a chemosystematic approach in the field of medicinal plants research.
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INTRODUCTION
Smoketree (Cotinus coggygria Scop., syn. Rhus cotinus L.) is a shrub growing wildly on sunny limestone slopes in the Balkans, Southern and Eastern Europe, the Caucasus and Central Asia (Matić et al., 2016). Aside from its natural occurrence, smoketree cultivars with colorful foliage are frequently planted in parks and gardens. Smoketree wood, distinctive through its yellow color, has been employed as a dye since ancient times. Key chemical constituents of the golden wood have been revealed in historical textiles from different parts of Europe and Asia: liturgical garments from the Athos Mountain (Valianou et al., 2009; Mantzouris et al., 2011), religious embroideries, brocaded velvets and other ethnographical fabrics from Romania (Petroviciu et al., 2014), even Chinese textiles from Dunhuang, dating back to over thousand years (Tamburini, 2019). Aside from its importance as a dye, smoketree was used for therapeutic purposes since Antiquity. The use of the name “Cotinus coccigria” dates back to Theophrastus (1644) according to the treatize De Historia Plantarum, one of the most important books on the structure and use of plants. However, Linnaeus had first included the smoketree in the Rhus genus, under the name Rhus cotinus (Linnaeus, 1753). The currently used name, Cotinus coggygria, was conferred by (Scopoli, 1772). The genus name, “Cotinus”, means “wild olive” and is of Greek origin (“κoτινος”), while coggygria stems from the Greek “κοκκυγέα” meaning smoke tree.
The knowledge of the therapeutic qualities that has been passed on from generation to generation has lead to a reservoir of information that became the subject of modern research aimed at validating these effects through in vitro and in vivo experiments. Interestingly, a closely related species, previously classified in the same genus as the European smoketree, Rhus, shares a significant amount of common constituents. This species, called Asian lacquer (Toxicodendron vernicifluum or Rhus verniciflua) proved to have many similar indications, but also new ones. By integrating the phytochemistry and pharmacology of these two species, the current review intends to advance and expand the practical use of the European species which has the advantage of being free of allergenic urushiols, as opposed to its Asian counterpart (Ippen, 1983; Kim et al., 2014).
TAXONOMY AND BOTANICAL ASPECTS OF COTINUS COGGYGRIA
The plant is a member of the Anacardiaceae family, which includes tropical representatives like mango (Mangifera indica) and cashew (Anacardium occidentale), but also species vegetating under temperate climates, for example the allergenic poison sumac (Rhus toxicodendron). C. coggygria is multi-stemmed, deciduous, averaging heights of 5–7 m. Its leaves have an ovate or obovate shape, pinnate venation and a glaucous lower face. The small flowers are grouped in large panicles, with the pedicels elongating into hairy stalks that cover the inflorescences with smoke-like puffs. This “smoked” aspect inspired several names of the plant: “smoketree”, “smoke bush”, and even “wig tree”. The species is one of the seven of the genus Cotinus Mill., the others having a narrower distribution range, in North America: C. obovatus (native to Central and South East of the United States), C. carranzae and C. chiangii (both native to Mexico), and in Asia: C. kanaka (native to the southern part of the Eastern Himalayas), C. nanus and C. szechuanensis (growing in South-Central China)1.
TRADITIONAL USES
C. coggygria has a consistent traditional use in Europe and Asia. The Encyclopedia of Romanian Ethnobotany points to the use of the plant as both a dye and medicine, employed for the treatment of wounds and pharyngitis (Butură, 1979). An enthnobotanical survey performed in the region of Dobrogea (South-East Romania) reported on the use of the plant as a cicatrizing agent of open wounds and the treatment of gynecological disorders (Tudor and Georgescu, 2011). The application of C. coggygria (called “skumpina”) has also been acknowledged in a survey focused on plants used by the Czech diaspora from Romanian Banat region (Vlková et al., 2015). In the local folk medicine of Southwestern Romania, several parts of the smoketree are used: young twigs and leaves boiled in water represent a remedy against sore throat, stomatitis, gingivitis and gastritis. More conspicuously, wood slices extracted in badger fat (Meles) were mentioned as ointment ingredients intended to treat slowly healing wounds (Antal and Ardelean, 2015). The ethnomedical use in skin and mucosal lesions is commonly accepted across countries, according to reports from Bulgaria (Nedelcheva, 2012; Koleva et al., 2015), Bosnia and Herzegovina (Redžić, 2007), Serbia (Jarić et al., 2015), Albania (Nedelcheva and Draganov 2014), and Turkey (Kültür, 2007). Other uses include fever reduction (Huang and Williams 1998; Redžić, 2007), cardiac diseases, hypertension, urinary diseases, cough, asthma, hemorrhoids, diabetes, numbness of arm (Kültür, 2007), and liver disease (Shen et al., 1991). The plant is as well mentioned in cancer treatment in Turkey (Kültür, 2007) and Bosnia and Herzegovina (Redžić, 2007). Usually, leaves are the most frequently used plant parts in traditional medicine (as infusions or fresh).
PHYTOCHEMISTRY OF COTINUS COGGYGRIA
Smoketree is characterized by a broad spectrum of polyphenolic secondary metabolites: tannins, various subtypes of flavonoids, phenolic acids, as well as by the presence of volatile organic compounds. Essential oil components are contained in secretory ducts associated with the phloem; ducts run through the cortex of twigs as well as the petiole and midrib of leaves (Metivier et al., 2007; Antal and Ardelean, 2015; Özcan and Yilmaz, 2020).
Tannins
These constituents are abundantly present in C. coggygria, a fact that relates to its taxonomic affiliation to the Anacardiaceae family–a group with economically important tanning plants like quebracho (Schinopsis spp.) and sumacs (Rhus spp.). These polyphenols are able to establish bonds with proteins, and precipitate them–a property which is at the heart of their bioactivity. Their interaction with dermal collagen fibers explains their cicatrizing effects, while the precipitation of bacterial proteins by tannins correlates with their antibacterial effect (Bruneton, 2016). Smoketree contains significant amounts of hydroysable tannins derived from gallic acid. Pentagalloyl glucose (1,2,3,4,6-penta-O-galloyl-β-D-glucopyranose, Figure 1), the ester of glucose with five moieties of gallic acid has been one of the first tannins identified from the plant (Westenburg et al., 2000). The tannin content of leaves was reported to be highest during the flowering period, attaining 18–20% both according to earlier (Buziashvili et al., 1973) and more recent research (Šavikin et al., 2009). The most extensive data on the chemical structure of leaf tannins were reported by Rendeková and co-workers; identifications were performed upon comparison of UV and mass spectra with those from the literature or authentic standards. The presence of galloyl glucose (glucogallin), protocatechuic acid hexoside, trigalloyl hexoside, and tetragalloyl hexoside is accordingly added to the previously known hydrolysable tannins (Rendeková et al., 2016). Gallocatechin was confirmed in the leaves by (Özbek et al., 2016).
[image: Figure 1]FIGURE 1 | Representative compounds from the leaves of C. coggygria.
Flavonoids
Among plant species, smoketree stands out through the presence of nearly all flavonoid subclasses. These compounds have especially been investigated in stems and branches, as these parts are used for the obtainment of an orange-hued dye, containing a mixture of flavonoids.
The Heartwood
The most representative metabolite class of C. coggygria in the heartwood are the aurones: sulfuretin (3′,4′,6-trihydroxyaurone), its glucoside sulfurein (glycosil-7-O-sulfuretin), and its dimer disulfuretin (Westenburg et al., 2000). The latest discovery concerns two new metabolites from the plant kingdom: an aurone epoxide (2,10-oxy-10-methoxysulfuretin) and an auronolignan (Figure 2). In cotinignan A, the first compound of this class, the aurone sulfuretin is bridged to sinapyl alcohol by a benzodioxane ring (Novaković et al., 2019).
[image: Figure 2]FIGURE 2 | Structure of condensed tannins from C. coggygria.
Other orange-colored compounds from smoketree wood are butein (trans-2′,3,4,4′-tetrahydroxychalcone) and isoliquiritigenin (trans-2′,4,4′-trihydroxychalcone), members of the chalcone subclass of flavonoids (Valianou et al., 2009).
A high number of flavonoids have been isolated and identified in methanol extracts of the heartwood (Figure 3). They include the flavanones: eriodictyol, butin and its dimer (3,3″-butindimer) (Antal et al., 2010), liquiritigenin (4′,7-dihydroxyflavanone) and 4′,5,7-trihydroxyflavanone (Valianou et al., 2009), 3′,5,5′,7-tetrahydroxyflavanone (Novaković et al., 2019), the flavanonols: taxifolin and 4′,7-dihydroxyflavanol (Valianou et al., 2009), 2,3-dihydroquercetagetin (Antal et al., 2010), 2,3-trans-fustin, 3-O-methyl-2,3-trans-fustin, 3-O-galloyl-2,3-trans-fustin (Novaković et al., 2019), the flavonols: fisetin, quercetin (Antal et al., 2010) and myricetin (Matić et al., 2013), as well as the flavone: 3′,4′,7- trihydroxyflavone (Novaković et al., 2019). A hallmark of most compounds is the presence of a hydroxy group in position 7 and the absence of a hydroxy-group in position 5 of the A-ring, considered as taxonomical markers for C. coggygria (Novaković et al., 2019).
[image: Figure 3]FIGURE 3 | Sulfuretin and its derivatives–typical aurones in C. coggygria wood.
Several derivatives of flavan-3-ols were isolated and structurally identified in the heartwood (Antal et al., 2010). These plant phenolics are frequent in plants, but particular attention has been given to their occurrence and biologic activity in green tea, pine bark, cacao beans, grape, cranberries and hawthorn (de la Luz Cádiz-Gurrea et al., 2014). The occurrence of polyphenolic dimers is typical for Anacardiaceae plants2[Stevens APG website]. Two proanthocyanidins (fisetinidol-(4α→8)-(+)-catechin and epifisetinidol-(4β→8)-(+)-catechin, Figure 4) were reported so far from smoketree (Antal et al., 2010) They were obtained from the diethyl-ether soluble phase of C. coggygria crude extract, following a four-step procedure (vacuum liquid chromatography on RP-18 material, followed by gel-filtration on Sephadex LH-20, high-speed coutercurrent chromatogrphy, and a second column chromatography using Sephadex LH-20). Their structure assignment of proanthocyanidins presented a challenging case of signal duplication due to rotational isomerism (Antal et al., 2010). Dimers occur beside monomer catechin, isolated as a racemic mixture.
[image: Figure 4]FIGURE 4 | Representative flavonoids with a 6-membered C-ring from the heartwood of C. coggygria, consistently displaying a hydroxy group in position 7 of the A-ring.
Other compounds. A series of phenolic acids were isolated from the heartwood of the plant: gallic acid and its methyl ether in leaves, twigs and heartwood (Westenburg et al., 2000; Antal et al., 2010), galloylshikimic acid, trigallic acid, methyl digallate, trigallate (Rendeková et al., 2016), and β-resorcylic acid (Novaković et al., 2019) in the heartwood. According to Matić and co-workers, the methanol extract of C. coggygria stem contains chlorogenic, caffeic, coumaric, ferulic and rosmaric acid, with the latter being the major representative of its class in the extract (Matić et al., 2013). Moreover, the heartwood also contains 3-O-β-sitosterol glucoside (Novaković et al., 2019).
Young Shoots
Young branches have a different flavonoid profile than the heartwood. The flavonoids here include kaempferol-3-O-glucoside, luteolin-7-O-glucoside, luteolin-8C-glucoside (orientin), and apigenin glycoside. Beside them, gallic acid and its derivatives were as well identified (Marčetić et al., 2013).
Leaves
As leaves were mainly considered a source of tannins, reports on the structure of leaf flavonoids are scarce. Early studies showed that these compounds are based on three main aglycons: myricetin, quercetin, and kaempferol. Sugars of flavonoid glycosides are bound in position 3 of the aglycon and are represented by D-glucose, L-rhamnose, and L-arabinose. Glycosides of the myricetin group (75–80%) are dominant over those of the quercetin group (18–23%), while kampferol glycosides are present in traces (Buziashvili et al., 1973). These early results were confirmed by recent HPLC analysis, identifying the glucosides and rhamnosides of myricetin and quercetin in crude extracts of smoketree leaves (Rendeková et al., 2016). Myricetin-3-O-rhamnoside and myricetin-3-O-galactoside were confirmed spectroscopically in the ethylacetat fraction of a leaf extract (Özbek et al., 2016). Another group of flavonoids, the anthocyanins, are responsible for the various shades of red of smoketree leaves. They include delphinidin 3-galactoside and 7-glucoside, cyanidin 3-galactoside (idaein) and 3-glucoside-7-rhamnoside as well as petunidin 3-glucoside (Tanchev and Timberlake, 1969; Iwashina, 1996).
Essential Oil Components
The volatile organic compounds from C. coggygria have thoroughly been investigated in plants from a variety of regions, ranging from Western Europe to the Himalayas. Due to its aromatic scent, the essential oil of the plant is used in perfumery. Bulgaria is one of the countries producing essential oil form leaves and young twigs of smoketree (Tsankova et al., 1993). The main volatile components are monoterpenes. Limonene dominates in plants from Serbia (Novaković et al., 2007) and Italy (Fraternale and Ricci, 2014). In Greek smoketree, the main components varied according to the site, with limonene being dominant in some samples and myrcene in others (Tzakou et al., 2005). Site-specific variations have as well been pointed out in Turkey, where limonene (Demirici et al., 2003), alpha-pinene (Ulukanli et al., 2014) or geranyl acetate (Bahadirli, 2020) were be the main components. Alfa-pinene is the main compound in essential oil from Bulgarian smoketree samples (Tsankova et al., 1993). Smoketree growing in the northern part of India has myrcene as main volatile constituent (Thapa et al., 2020).
PHARMACOLOGICAL DATA ON THE SMOKETREE
The long-lasting and consistent use of C. coggygria in traditional medicine across countries offers a sound base for its therapeutic use. However, data on the pharmacology of C. coggygria extracts are, for now, at a rather basic stage. Among explored properties, the anti-inflammatory effect was the first to attract the attention of researchers and to be tested experimentally (Bezruk and Lyubetskaya, 1969). Extracts obtained from both leaves and heartwood reduced inflammation in rodent models, while the water extract inhibited cyclooxygenases -1 and -2 (Table 1).
TABLE 1 | Studies evaluating the anti-inflammatory effect of smoketree extracts and fractions.
[image: Table 1]Wound-Healing Effect
In virtually all countries where smoketree is used in traditional phytotherapy, the wound-healing effect is the most cited one. In order to validate this effect (Aksoy et al., 2016), employed a model of excision wounds in rats with experimentally induced diabetes. The topical application of an ointment containing 5% ethanol extract from leaves demonstrated a significant wound healing effect, confirmed histologically. The elevation of hydroxyproline levels, a precursor of collagen, together with favorable antioxidative effects (elevation in glutathione and decrease in malondialdehyde levels) supported the favorable effect of the extract on wound healing. The wound healing effect is also supported by the antimicrobial effect of C. coggygria extracts and essential oils, comprehensively reviewed by (Matić et al., 2016). In order to seek scientific validation for the use of smoketree in the treatment of gastritis, Pavlov and co-workers evaluated the benefits of an aqueous infusion from leaves in indomethacin-induced damage of the gastric mucosa. The intra-gastric administration of 10 ml 2% infusion reduced the number and area of ulcerations, as well as their depth and severity. This effect was accompanied by the decrease of malondialdehyde and uric acid levels, reducing as well the activity of alkaline phosphatase (Pavlov et al., 2013a).
Hepatic Disorders
Traditionally, smoketree preparations were as well used in liver disease (Shen et al., 1991). The hepatoprotective effect were demonstrated in rodent models (Matić et al., 2011; Matić et al., 2013). Liver damage was induced by pyrogallol, and the protective effect of a relatively high dose of methanolic extract (500 mg/kg) from smoketree stem was administered either 2 or 12 h prior to the administration of pyrogallol. The effects were compared to those of myricetin, found to be the main constituent of the extract. Pretreatment with the extract, but as well with myricetin resulted in a hepatoprotective effect, reducing the elevation of serum AST, ALT, ALP and total bilirubin levels that were induced by pyrogallol. Administration of natural compounds was most efficacious when performed 12 h before pyrogallol. In quest of the mechanism of action for the observed effect, the authors explored the status of Akt or protein kinase B in the liver of rats pretreated with smoketree extract or myricetin by immunoblot analysis. Administration of the natural products, either 2 h or 12 h before the pyrogallol application increased Akt activity and phosphorylation. Moreover, an enhanced STAT3 phosphorylation was reported, enabling the adequate activation of the JAK–STAT signaling pathway, an important cascade involved in signal transduction during hepatic injury (Matić et al., 2013). Administration of C. coggygria extract lead to an augmentation of acute phase reactants haptoglobin and a2-macroglobulin with protective role in hepatic lesions. It improved as well markers of oxidative stress, and inhibited NF-kB (Matić et al., 2011). The hepatoprotective effect of smoketree is currently used clinically as part of a compound formula used orally in Traditional Chinese Medicine, where it is mixed with other plant extracts obtained from Schisandra chinesis, Chuipencao (Sedum sarmentosum), wolfberry (Lycium chinense), jujube (Ziziphus jujuba), gardenia (Gardenia jasminoides) (Hao et al., 2018; Su et al., 2018).
Pavlov et al. (2013b) investigated the toxicity of the aqueous infusion prepared from leaves (1, 2, 4%), administered intragastrically for 30 days in a concentration of 10 ml/kg. The authors did not detect pathological modifications in the organs of the treated rats, no subchronic hepatic or renal toxicity were noted. Moreover, no changes in the activity of hepatic enzymes and levels of urea, creatinine, total thyols and triacylglycerols were found. The potential toxicity was further studied for a 20% ethanol infusion; no lesions of the liver and kidney were reported (Ivanova et al., 2013).
Diabetes
There are some reports of C. coggygria form Turkish ethnomedicine, that describe its utilization in diabetes (Kültür, 2007). Some basic steps were performend until now to verify this indication, with regard to the inhibition of key enzymed involved in the disease. A methanol extract and its fractions (petroleum ether, dichloromethane, ethyl acetate, and n-butanol) obtained from leaves smoketree were evaluated in vitro with regard to their α-glucosidase and α-amylase inhibitory activities. The ethyl acetate-soluble fraction displayed the highest efficacy (IC50 = 0.0082 mg/ml), having an inhibitory activity roughly ten times higher than the other fractions. Alfa-amylase was not inhibited in that experimental setting (Gözcü et al., 2016). The α-glucosidase inhibitory activity was also reported for the ethanol extract prepared from the branches of the shrub. After bioactivity-guided fractionation, 2,3,4,6-penta-O-galloyl-β-D-glucose was shown to have the best α-glucosidase inhibitory effect, with an IC50 of 0.96 mg/ml. Comparatively, the related compoung with only four gallic acid residues 1,2,3,6-tetra-O-galloyl-β-D-glucose and gallic acid had week inhibitory effects (Cha et al., 2009).
Cancer
The anti-cancer effects of C. coggygria have received the highest attention in the last period, since the last review on smoketree. References to this regard exist in traditional medicine (Kültür, 2007; Redžić, 2007). Some works explored the cytotoxic effect of smoketree extracts and metabolites on different cell lines, while others pointed out protective effects via antioxidant and anti-mutagenic activities (Westenburg et al., 2000; Matić et al., 2013). One of the earliest studies investigating the cytotoxic effects of this plant focused on the methanol extracts from leaves and flowers, rich in gallic acid and its derivatives. The extracts were applied on two human carcinoma cell lines (cervix–HeLa and colon–LS174). The leaf extract was more active on the HeLa cell line (IC50 = 19.1 ± 3.9% μg/mL), while the flower extract had a slightly better inhibition of the LS174 cell line (IC50 = 41.3 ± 3.9 μg/ml) (Šavikin et al., 2009).
Gospodinova and co-workers investigated the effects of an aqueous ethanolic extract from smoketree leaves, standardized in total polyphenols and flavonoids (2017 a,b,c). The cytotoxicity tests involving human breast cancer cells (MCF7) showed a significant cytotoxic activity (IC50 = 40.6 μg/ml) which was not dose-dependent (Gospodinova et al., 2017a). In a second study, the inhibitory effects on three additional cell lines (breast cancer T47D, cervical cancer HeLa, and ovarian cancer A2780) were explored, in comparison a non-cancerous cell line (breast epithelial cell line MCF10A). Ovarian cancer cells were the most sensitive, being inhibited at an IC50 = 30.8 μg/ml; a certain degree of selectivity against cancer cells were noted in comparison with normal cells (Gospodinova et al., 2017b). The research of a possible mechanism of action lead to the investigation of histone deacetylase activity in MCF7 cells following the application of the leaf extract; high levels of histone deacetylase activity is characteristic for cancer cells. The authors reported a significant reduction of HDAC5 and HDAC7 mRNA transcripts at 2 days post-treatment. A tendency to reduce HDAC3 transcriptional levels also resulted from the research (Gospodinova et al., 2017c). The last paper of this work-group focused on the cytotoxic effects against A431 cells (human squamous cell carcinoma), in comparison with normal skin cells (BJ line). The selectivity against cancer cells was observed, and the best anticancer activity was achieved by the chloroformic fraction of the extract, in comparison to that of the aqueous fraction (Gospodinova et al., 2020). Another extract obtained from leaves with ethyl acetate as solvent was applied on normal skin cells (BJ) and mammary gland epithelium cells (MCF-10A). The extract inhibited the proliferation of activated human fibroblasts expressing fibroblast activation protein α (FAP). This is a serine protease implicated in the genesis and progression of tumors (Iliev et al., 2020). In the study of (Pollio et al., 2016), ethanol extract of C. coggygria branches and leaves showed significant cytotoxic effects, and both cell morphology and growth were affected. The effects on the cell cycle were consistent in all cell lines (A549, MCF7, TK6 and U937), irrespective of their phenotype (adherent or in suspension). The expression profiles of distinct proteins controlling the progression of the cell cycle and cell death were altered. The percentage of cells in the G1 phase was induced by the extract (Pollio et al., 2016).
The cytotoxic effect of C. coggygria on gliobastoma cells (lines U87, U251, and DBTRG-05MG) were investigated by (Wang et al., 2015a; Wang et al., 2015b; Wang et al., 2016). The authors evaluated an ethanol (95%) extract from roots and stems, which contained 4% flavonoids: rutin, fisetin, quercetin, and myricetin. These flavonoids were also used as controls in the assays. The extract was able to inhibit the proliferation of the three cell lines (IC50 = 128.49 μg/ml for U87, 107.62 μg/ml for U251, and 93.57 μg/ml for DBTRG-05MG). It induced apoptosis via Akt inhibition, coupled with ERK protein expression. Moreover, the researchers evaluated the significance of their findings in a xenograft model glioblastoma multiforme in female BALB/c mice, reporting a significant antitumor effect. The reduction of the tumor volume after administration of 25 and 50 mg/kg extract (evaluated at 7, 14, 21, and 28 days) was in the same range as in case of the positive control, temozolomide (Wang et al., 2015a). In a subsequent study, the same extract was loaded into polyvinylpyrrolidone K-30/sodium dodecyl sulfate and polyethyleneglycol-coated liposome, in order to augment its solubility and to achieve an improved cerebral targeting. The cytotoxic mechanism of action of this preparation was studied in vitro. A DBTRG-05MG glioblastoma cell line was employed. Results pointed to a caspase-dependent activation of both the intrinsic and extrinsic signaling pathways of apoptosis. The proposed mechanism of the proapoptotic effect in glioblastoma cells involved the blockade of the SIRT1/p53-mediated mitochondrial pathway and of the Akt pathway (Wang et al., 2015b). The significant inhibitory effect of glioblastoma cells that the ethanol extract from roots/stem of C. coggygria had, was confirmed by an additional work. This study was also performed on a second extract (total flavonoids isolated from C. coggygria var. cinerea). Both extracts reduced cell proliferation and downregulated the signaling pathways PI3K/Akt and ERK (Wang et al., 2016).
The cytotoxic effects of the diethyl ether-soluble fraction obtained from smoketree heartwood were assessed before and after complexation with two cyclodextrins. Along with the extract, two of its marker compounds (the aurone sulfuretin and the chalcone butein) were as well studied. Among the four cell lines that were used in the work (HeLa, A2780, MCF7, and MDA-MB-231), the most sensitive against C. coggygria extract was ovarian carcinoma cell line A2780. The proliferation of these cells were inhibited in the low micromolar range. Butein had the highest activity against HeLa cells, both included in randomly methylated-β-cyclodextrin and in uncomplexed form. Sulfuretin and its complexes had a generally weaker cytotoxicity (Antal et al., 2016).
Other Effects
As for many other medicinal plants, in addition to the validation of effects known from traditional medicine, modern research aims to expand the uses of this species. In this regard, a potential field is represented by neurological disorders. Eftimov and co-workers explored the effects of an aqueous infusion from leaves (1, 2 and 4%, 10 ml/kg) on the behavior of rats, and its protective effect against lipid peroxidation (Eftimov et al., 2016). The effects were evaluated after 30 days of treatment. In the forced swim test, the timespan of immobility increased, and the effect was significant for the 2% infusion. The infusion had no sedative effect, did not induce motor dis-coordination, but reduced signs of depression. The decrease in malondialdehyde levels was not significant and the authors concluded that the positive effects on brain function were not related to an antioxidative effect (Eftimov et al., 2016).
Acetylcholine esterase inhibition is a major target for drugs combating neurodegenerative conditions like Alzheimer’s disease and Parkinson’s disease. A screening of various plant extracts with Ellman’s reagent pointed to C. coggygria as having a real potential to inhibit this enzyme. The best activity was achieved by the crude methanol extract of the heartwood (IC50 = 89.3 μg/ml). In order to find the most active compounds, this extract was partitioned in solvents of increasing polarities (petroleum ether, diethyl ether, ethyl acetate, n-butanol, and water), with the diethyl ether fraction having the highest efficacy (IC50 = 25.4 μg/ml) due to its content in sulfuretin (IC50 = 29.9 μM). After intracerebral injection, the extract elicited an increased acetlycoline concentration (Antal et al., 2008).
Recently, C. coggygria extracts have been studied with regard to their potential in skin care, evaluating the effects as inhibitors of collagenase and elastase, fundamental components of the connective tissue which are responsible for the resistance and elasticity of the skin. The research also tested tyrosinase inhibitory effect, in order to identify a potential utilization as skin lightener. Departing from ethanol extracts of pedicels and leaves, an activity-guided fractionation was performed in order to point out the most active compounds. After partition, it was the ethyl-acetate soluble fraction of the pedicels that had the best effect on collagenase inhibition accompanied by a moderate inhibition of elastase and tyrosinase. The main components of the active fractions were methyl gallate, astragalin, isoquercetin, and hyperoside (Deniz et al., 2020).
COTINUS COGGYGRIA AND TOXICODENDRON VERNICIFLUUM: COMMON GROUND
Despite the research performed up to the present on C. coggygria, mandatory data are yet missing in the pharmacology of this species, including pharmacokinetic tests and clinical trials. Interestingly, as these data are lacking for extracts and fractions, they exist for some of the main compounds of smoketree heartwood: sulfuretin, fisetin, butein, owing mostly to the presence of these and other compounds in the Chinese lacquer (Toxicodendron vernicifluum, syn. Rhus verniciflua). In fact, T. vernicifluum is has a firmly established position in traditional Asian medicine. Not only have there been performed comprehensive in vitro and in vivo studies on this species, but clinical data are also available (Kim et al., 2014). Most of these studies used extracts standardized in fustin (>13.0%), fisetin (7.0%), sulfuretin, butein and other compounds (Lee et al., 2009; Lee et al., 2011). The pharmacokinetic profile of several active compounds has also been reported (Jin et al., 2015).
For T. vernicifluum, over 175 constituents have been isolated and described. A review of the literature on key compounds from smoketree heartwood shows that C. coggygria and T. vernicifluum share an impressive pool of secondary metabolites (Table 2). This situation may even change the systematics of C. coggygria in reassigning it back to its initial genus, Rhus (Novaković et al., 2019). In both species, the major components are sulfuretin and fustin (Antal et al., 2010; Li M. C. et al., 2020).
TABLE 2 | Secondary metabolites occuring both in the heartwoods of Cotinus coggygria (syn. Rhus cotinus) and Toxicodendron vernicifluum (syn. Rhus verniciflua).
[image: Table 2]The high number of shared compounds points to possible similarities in the pharmacology of both species. Moreover, it may provide a significant support in advancing the practical use of the European species into other fields of therapeutic significance, which have already been well developed for T. vernicifluum. To this date, the pharmacologic activities that have been reported for this species are: anti-inflammatory, anti-oxidant, anti-cancer, anti-microbial, anti-diabetic, anti-dislipidemic, anti-platlet, anti-vasoconstrictor, as well as protective of the liver, kidneys, neurons and gastro-intestinal tract. The numerous in vitro and in vivo highlighting these effects make the object of a well-documented review by (Li W. et al., 2020). A significant drawback of scientific literature focused on the pharmacology of plant extracts, including those from T. vernicifluum, is represented by missing or incomplete data on the plant part, the extraction solvent(s) and key marker compounds. Representative studies investigating lacquer extracts standardized in compounds that occur in both species are listed in Table 2. An important advantage of C. coggygria over T. vernicifluum is the absence of allergenic urushiols (Ippen 1983; Bertrand et al., 2008), which are common in the Asian species (Li et al., 2021).
BIOACTIVITY OF COMMON SECONDARY METABOLITES
Key elements in understanding and advancing the pharmacology of smoketree come from studies investigating the metabolites that occur in the plant. Most of the available data come from research on fisetin, sulfuretin and butein, important flavonoids occuring in the woody parts of C. coggygria and T. vernicifluum (Figure 5,6).
[image: Figure 5]FIGURE 5 | Benefits of an interconnected approach for an optimized valorization of smoketree.
[image: Figure 6]FIGURE 6 | Metabolites from smoketree that have been reported to be responsible for the main pharmacological effects of smoketree.
Fisetin benefited from a special attention in recent research (Chen et al., 2020; Yan et al., 2021). This flavonol is also present in many edible plants such as strawberries, onions, apples or persimmons. The fisetin content in plants is between 2 and 160 μg/g (Kashyap et al., 2018). It was first isolated from Rhus cotinus and studies conducted over time showed anti-inflammatory, anticancer, antioxidant and neuroprotective effects (Grynkiewicz and Demchuk, 2019). Of particular interest is ability of fisetin to reduce senescence markers in mice and human tissues. A reduction of senescent cells fraction in white adipose tissue of naturally aged C57BL/6 mice after fisetin treatment was reported (Yousefzadeh et al., 2018). Evaluation of fisetin effects in bleomycin-induced pulmonary fibrosis revealed an inhibition of alveolar epithelium cell senescence through regulation of AMPK/NF-κB signaling pathway. The anti-fibrotic activity of fisetin was therefore associated with the senolytic properties of this compound (Zhang et al., 2020). The accumulation of senescent cells has been associated with aging and with age-related dysfunctions. The characteristics of these cells have been studied and agents capable of eliminating them have been sought (Wissler Gerdes et al., 2020). Thus, senolytic agents, including fisetin, have been proposed to delay aging and reduce the severity of age-related diseases (Yousefzadeh et al., 2018).
Fisetin exerts an antiatherosclerotic effect in mice by reducing the lipid and malondialdehyde (MDA) levels and increasing the level of superoxide dismutase (SOD). The reduction of the atherosclerotic plaque was observed. Fisetin also regulates the expression of LOX-1 (lectin-like oxidized low-density lipoprotein receptor-1) and PCSK9 (proprotein convertase subtilisin/kexin type 9) thus improving lipid metabolism (Yan et al., 2021). Association of fisetin with recombinant tissue plasminogen activator extended the therapeutic window of treatment in acute ischemic stroke. Patients receiving 100 mg fisetin daily for seven days exhibited lower levels of C-reactive protein, MMP-2 (matrix metalloproteinase-2) and MMP-9 (matrix metalloproteinase-9). Therefore, fisetin has shown potential for use as a supplement in reperfusion therapy with recombinant tissue plasminogen activator (Wang et al., 2019). A protective effect on ischemic cardiomyocytes was observed when fisetin was tested in a rat ischemia/reperfusion injury model. Fisetin reduced apoptosis in myocardial cells, prolonged coagulation and decreased Von Willebrand factor plasma levels (Long et al., 2020).
Given the association of neurodegenerative diseases with alterations in gut microbiota, the effects of fisetin as neuroprotective agent have been studied in a mice model of Parkinson’s disease. Fisetin improved motor behavior and protected against dopaminergic neurodegeneration induced by MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine). It also increased the abundance of Lachnospiraceae, activity associated with its neuroprotective properties (Chen et al., 2020).
The anticancer effect of fisetin has also been studied, and the mechanisms by which it acts in cancer have been highlighted in several studies. Its effects have been evaluated in prostate cancer, colon cancer, pancreatic cancer, liver cancer, lung cancer, ovarian cancer or breast cancer cell lines (Imran et al., 2020). Fisetin inhibits the proliferation of pancreatic cancer cells PANC-1 and induces autophagy and apoptosis (Jia et al., 2019). It has been proposed as an adjuvant to 5-fluorouracil treatment in PIK3CA-mutant colorectal cancer. The association of 5-fluorouracil and fisetin resulted in a marked decrease in the viability of cancer cells. The combination determined inhibition of AKT phosphorylation and decreased PI3K (phosphatidylinositide-3-kinase) expression. A preventive effect against tumor formation was also observed for fisetin (Khan et al., 2019). Fisetin acts on oral squamous cell carcinoma by targeting PAK4 (p21-activated kinase 4). Promotion of cell apoptosis and inhibition of proliferation and migration have been reported after treatment of cancer cells with fisetin (Li W. et al., 2020). A clinical trial that included patients with colorectal cancer evaluated the effects of fisetin on inflammatory status. Administration of 100 mg fisetin per day for seven weeks, before and during chemotherapy, resulted in a decrease of hs-CRP (high-sensitivity C-reactive protein) and IL-8 (interleukin-8) levels in the intervention group, revealing the anti-inflammatory activity of this compound when used as a complementary treatment in colorectal cancer (Farsad-Naeimi et al., 2018).
Fisetin has also been studied as an anti-diabetic. In an in vitro model of experimental diabetes, oral administration of fisetin (10 mg/kg) reduced blood glucose and glycosylated hemoglobin levels, while the plasma insulin level was increased. This flavonoid also lead to a decrease of mRNA and expression levels of gluconeogenic genes (phosphoenolpyruvate carboxykinase, glucose-6-phosphatase) (Prasath et al., 2014). The favorable effects of gluconeogenesis inhibition in the liver by fisetin are of relevance for the antidiabetic effects of both C. coggygria and T. vernicifluum.
A recent study showed that fisetin stimulates hair growth. When applied topically in C57BL/6 mice, fisetin acts on hair growth by stimulating the transition from telogen to anagen phase, effect related to its activity on TERT (telomerase reverse transcriptase) expression in the dorsal skin cells of treated mice (Kubo et al., 2020).
Sulfuretin is a major compoud of smoketree wood, emblematic for its golden color. Among the reported effects for this compound are the anti-inflammatory, anticancer, neuroprotective and antidiabetic ones (Pariyar et al., 2017). One of the first studies reported that this aurone is active in rheumatoid arthritis (Choi et al., 2003). The research of the mechanism of the anti-inflammatory pointed to an induction of heme oxygenase-1 expression (Lee et al., 2010), inhibition of LPS-induced inducible nitric oxide synthase, inhibition of cyclooxygenase-2, and reduction of the expression of pro-inflammatory cytokines via down-regulation of NF-kappaB (Shin et al., 2010). In vivo. sulfuretin maintained joint integrity, a result underscored by radiologic and histopathologic evidence (Lee et al., 2012). As a potential anti-diabetic, sulfuretin inhibits aldose reductase, diminishes formation of glycation end products (Lee et al., 2008), and protects against cytokine-induced beta-cell damage in experimentally induced diabetes (Song et al., 2010). The anti-obesity effect of sulfuretin was emphasized in a study performed on obese mice. Decrease of total cholesterol and triglycerides levels, inhibition of lipid accumulation, as well as improvement of glucose metabolism were observed. Sulfuretin also prevented body weight gain (Kim et al., 2019). The anti-adipogenic activity has been associated with the properties of sulfuretin to supress adipogenic factors such as PPARγ (peroxisome proliferator-activated receptor γ), C/EBPα (CCAAT/enhancer-binding protein α) and C/EBPβ. Sulfuretin exhibited dose and time dependent proliferation-reducing effects of 3T3-L1 preadipocytes cells (Lamichhane et al., 2017).
Hepatoprotective properties have as well been reported for sulfuretin. When tested on L02 hepatic cell line, sulfuretin decreased reactive oxygen species levels and protected cells against treatment with palmitate. It acts by promoting mitophagy and the phenolic hydroxyl group was considered to be essential for the cytoprotective properties (Lu et al., 2019).
Sulfuretin showed beneficial effects in an atopic dermatitis mouse model, inhibiting IL4 production and improving several symptoms of the disease. It reduced the severity of skin lesions, the scratching frequency and decreased IgE serum levels (Jiang and Sun, 2018).
Anti-Parkinson activity was evaluated in SH-SY5Y neuroblastoma cells, revealing a protective effect of sulfuretin against the cytotoxicity induced by MPP+ (1-methyl-4-phenyl pyridinium) neurotoxin. The neuroprotective effects are due to the effects of sulfuretin on ERK and Akt/GSK3β pathways (Pariyar et al., 2017).
Butein. Research regarding the biological properties of butein highlighted a wide range of effects, that indicated a potential of use in chronic conditions due to anti-inflammatory, antioxidant, antidiabetic, neuroprotective and anticancer effects (Padmavathi et al., 2017). The effects of this compound correlate with the medicinal properties reported in ethnopharmaceutic and pharmacological studies. Its anti-ulcerative activity was evaluated in mice with gastric ulcer induced with indomethacin and the administration of butein (10, 20, 40 mg/kg) reduced inflammatory parameters, increased PGE2 (prostaglandin E2) concentrations and reduced ulcer areas (Ugan and Un, 2020). Butein exerts preventive effects against functional β-cell damage, slowing the progression of type 1 diabetes mellitus. This effect was studied in cytokine-induced β-cell damage. The chalcone blocked cytokine-induced NO production, the expression of iNOS, the translocation of NF-κB and inhibited insulin secretion stimulation by glucose (Jeong et al., 2011). Butein has a significant anti-inflammatory effect, inhibiting the production of pro-inflammatory cytokines, matrix metalloproteinases, expression of enzymes involved in inflammation such as COX-2; in experimentally induced osteoarthritis it has been shown to reduce cartilage erosion and synovitis (Zheng et al., 2017). Several studies have evaluated the cytotoxic effects of butein on cell lines including human cervical cancer (C-33A, SiHa) (Yang J. et al., 2018), breast cancer MCF7 and T47D (Huang et al., 2020), non-small-cell lung cancer (Di et al., 2019), human oral squamous cancer (SAS, KB) (Bordoloi et al., 2019) and many other. The compound induces apoptosis by activating the Bax-caspase-3-PARP pathway, it induces the arrest of the cell cycle at the G2/M transition, blocks telomerase activity, reduces angiogenesis and has anti-metastatic properties (Jayasooriya et al., 2018).
The health-promoting effects of smoketree extracts are further supported by pharmacological data other secondary metabolites, including fustin, eriodictyol, isoliquiritigenin, taxifolin, myricetin and pentagalloyl-glucose. Fustin (dihydrofisetin), a major flavanonol derivative in heartwoods of C. coggygria and T. vernicifluum, has antioxidative, antiproliferative and anti-inflammatory effects (Jung et al., 2007). Fustin and an extract of T. vernicifluum branches standardized in 3% of this compound were tested in lipopolysaccharide (LPS)-stimulated rats and were able to prevent the elevation of interleukin-6 cytokine, as well as the expression of iNOS, and COX-2 mRNA expression (Moon et al., 2015). This flavonoid also protects against 6-hydroxydopamine-induced neuronal cell death (Park et al., 2007) and reduces experimentally induced learning impairment, due to a muscarinic M1 receptor-mediated anticholinergic effect (Jin et al., 2009).
Eriodictyol is known for anti-inflammatory, cardioprotective, neuroprotective, anti-obesity, antioxidant and anti-cancer (Islam et al., 2020) effects. This flavanone induces apoptosis of CHG-5 and U87MG glioma cell lines, thus presenting anti-tumor effects. The mechanism involved is related to the downregulation of PI3K/Akt/NF-κB signaling pathway (Li et al., 2021). Eriodictyol also targets MEK/ERK signaling pathway, exhibiting antiproliferative properties in human nasopharyngeal CNE1 cancer cells. It inhibits the migration and invasion of cancer cells and induces autophagy (Tang et al., 2020). The anti-arthritic effect of eriodictyol was shown in a study performed in a rat model of rheumatoid arthritis. Eriodictyol (20 mg/kg or 40 mg/kg) was administered orally in rats with collagen-induced rheumatoid arthritis for four weeks and it determined a reduction of paw swelling and decreased IL-6, IL-1β and TNF-α levels (Lei et al., 2020). Eriodictyol showed positive effects on dyslipidemia, insulin resistance, inflammation and hepatic steatosis when administered in diet induced C57BL/6N obese mice. A decrease in triglyceride, total cholesterol and free fatty acids levels was observed after dietary supplementation with 0.005% w/w eriodictyol for 16 weeks. Plasma glucose and plasma levels of pro-inflammatory cytokines were also reduced (Kwon and Choi, 2019).
The chalcone isoliquiritigenin is mostly known from licorice species (Glycyrrhiza sp.). Its anti-inflammatory, anti-oxidative, anticancer and protective (hepatoprotective, cardioprotective) effects have been reviewed by (Peng et al., 2015). Taxifolin, myricetin and quercetin are well-studied flavonoids that are already marketed as dietary supplements. They have a widespread occurrence in the Plant Kingdom and their activity has extensively been covered by recent reviews (Andres et al., 2018; Sunil and Xu, 2019; Song et al., 2020).
Pentagalloyl glucose is a hydrolysable tannin with a high antioxidant activity due to the numerous phenolic hydroxy groups in its structure. Its properties include anti-inflammatory, anti-bacterial, antidiabetic, and anti-cancer properties. It is able to inhibit DNA replication, cause cell cyle arrest in the G1 and S phases, and elicit apoptosis (Zhang et al., 2009). This compound stands out due to its ability to bond to proteins, especially those with a high-proline content like collagens, via hydrogen bonds and hydrophobic forces. This property makes pentagalloylglucose a candidate in the treatment of vascular disease (Patnaik et al., 2019). The ability to precipitate bacterial proteins translates into an intense bacteriostatic effect, combating both Gram-positive and Gam-negative bacteria like: methicillin-resistant and quinolone-resistant Staphylococcus aureus, Streptococcus mutans, Escherichia coli, and Pseudomonas eruginosa (Cho et al., 2010).
PERSPECTIVES
Cotinus coggygria Scop. is a species brought in to the attention of modern pharmacological research via centuries-old traditional medicine. It is not included in European Pharmacopoeas. Most of the effects mentioned in ethnopharmacy found support after scrutiny with in vitro and in vivo experimental models: wound-healing, anti-bacterial, anti-inflammatory. The chemical composition of the plant includes three major groups of compounds–tannins, volatile organic compounds and flavonoids. With regard to the latter, smoketree showcases a distinctive profile of 5-deoxyflavonoids consisting in notable amounts of sulfuretin, fisetin and butein. Interestingly, this rare profile is shared by the lacquer tree (Toxicodendron vernicifluum), a species of Asian origin that is taxonomically related to smoketree. While biomedical research performed on this well-established species in Asian phytotherapy is superposing with some known health-promoting activities of the smoketree, it has a real potential to guide research and utilization toward new therapies. These chiefly include obesity, diabetes, metabolic syndrome, vascular disease and cancer treatment.
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In our previous study, we showed that ellagitannin- and procyanidin-rich tormentil extract (TE) decreased experimental arterial thrombosis in normoglycemic rats through platelet inhibition. TE also slightly increased coagulation and attenuated fibrinolysis; however, these effects did not nullify the antithrombotic effect of TE. The present study aimed to assess whether TE exerts antithrombotic activity in streptozotocin (STZ)-induced diabetes, which is characterized by pre-existing increased coagulation and impaired fibrinolysis, in vivo and ex vivo thrombosis assays. TE (100, 200, or 400 mg/kg, p. o.) was administered for 14 days to STZ-induced diabetic rats and mice. TE at 100 mg/kg dose decreased the thrombus area in the mice model of laser-induced thrombosis through its potent antiplatelet effect. However, TE at 200 mg/kg dose increased thrombus weight in electrically induced arterial thrombosis in rats. The prothrombotic effect could be due to increased coagulation and attenuated fibrinolysis. TE at 400 mg/kg dose also improved vascular functions, which was mainly reflected as an increase in the arterial blood flow, bleeding time prolongation, and thickening of the arterial wall. However, TE at 400 mg/kg dose did not exert antithrombotic effect. Summarizing, the present results show that TE may exert multidirectional effects on hemostasis in STZ-induced diabetic rats and mice. TE inhibited platelet activity and improved endothelial functions, but it also showed unfavorable effects by increasing the activity of the coagulation system and by inhibiting fibrinolysis. These contrasting effects could be the reason for model-specific influence of TE on the thrombotic process in STZ-induced diabetes.
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INTRODUCTION
The present study is a continuation of our previous work wherein we showed the antithrombotic activity of Potentilla erecta rhizome extract in normoglycemic rats and mice (Marcinczyk et al., 2017). The genus Potentilla L (Rosaceae family) consists of approximately 700 species of annual and biennial plants and small shrubs. Extract from the underground parts of Potentilla erecta (L.) Raeusch (tormentil extract [TE]) has been used in traditional ethnomedicine for the treatment of diarrhea and mild inflammation of the oral mucosa because of its antioxidant and anti-inflammatory activity (Tomczyk and Latté, 2009; Melzig and Böttger, 2020; Augustynowicz et al., 2021). The pharmacological properties of tormentil have been discussed in several reviews and it’s monographs are included in the Russian Pharmacopoeia (14th edition), State Pharmacopoeia of the Republic of Belarus, ESCOP, in the British Pharmacopoeia, or the European Pharmacopoeia (10th edition) (Shikov et al., 2021). These actions are induced by ellagitannins and procyanidins, which are rarely found together in a plant material, although the presence of ellagitannins and procyanidins in TE was confirmed by us and other researchers (Geiger et al., 1994; Mari et al., 2013; Marcinczyk et al., 2017). Ellagitannins and procyanidins are characterized by poor bioavailability after oral intake. However, their gut microbiota-synthesized metabolites have good bioavailability and are responsible for in vivo activity of TE. Urolithins are metabolites of ellagitannins (Piwowarski et al., 2017), while phenolic acids as well as dimeric and trimeric procyanidins are metabolites of high-molecular-weight procyanidins (Sano et al., 2003; Sánchez-Patán et al., 2012). It has been shown that procyanidins and ellagitannins exert multidirectional effects on hemostasis; however, most of these studies have been conducted in vitro, which makes it difficult to predict the activity of this class of compounds after oral intake. The effect of ellagitannins on platelet activity, coagulation, and fibrinolysis was mainly studied in vitro by using plasma (Dong et al., 1998), washed platelets (Shen et al., 2003), and chromogenic substrates (Zhang et al., 2004; Yamamoto et al., 2011). The effects of ellagitannin-rich products other than TE on hemostasis has also been studied in humans after oral intake. The consumption of pomegranate juice has been shown to decrease collagen-induced platelet aggregation (Haber et al., 2011) while blended frozen red raspberries were found to improve flow-mediated vasodilation of the brachial artery (Istas et al., 2018). The effects of procyanidins on hemostasis reported thus far include mainly increase in nitric oxide (NO) and prostacyclin (PGI2) production (in vitro and in vivo) (Schramm et al., 2001; Byun, 2012; Novakovic et al., 2017) and decrease in platelet activity (in vitro and in vivo) (Murphy et al., 2003; Bouaziz et al., 2007; Morel et al., 2014). Furthermore, by using stasis-induced model of venous thrombosis in rats (Jiang et al., 2007) and laser-induced model of arterial thrombosis in mice, the antithrombotic effect of procyanidins after oral intake was also demonstrated (Sano et al., 2005).
In our previous study, we showed for the first time the antithrombotic activity of ellagitannin- and procyanidin-rich TE in an animal model. In our study, TE inhibited arterial thrombosis in normoglycemic rats through a mechanism dependent on platelet inhibition. The underlying mechanism of this antiplatelet effect was based on the inhibition of thromboxane (TXA2) production in platelets, which was comparable to the effect of acetylsalicylic acid. We also showed that TE slightly enhanced fibrin formation and attenuated fibrinolysis, but these effects did not abolish the antithrombotic effect of TE (Marcinczyk et al., 2017).
Considering the multidirectional activity of TE in normoglycemic rats, the main goal of the present study was to assess whether TE exerts the antithrombotic effect in streptozotocin (STZ)-induced diabetes, i.e., in conditions with intrinsically increased fibrin formation and impaired fibrinolysis. Hyperglycemia in type 1 diabetes is a risk factor for cardiovascular diseases and thromboembolic complications (Lee et al., 2019). Enhanced coagulation, impaired fibrinolysis, and increased platelet activity expressed as an enhanced production of TXA2 and P-selectin secretion are often observed in patients with diabetes (Wisinski and Kimple, 2016; Sobczak and Stewart, 2019). Diabetes also impairs endothelial functions and vessel wall contractility and leads to a reduction in blood flow (Lunder et al., 2018), which may affect the dynamics of thrombus formation. Furthermore, vascular complications of diabetes, such as macro- and microangiopathy, contribute to hemostasis activation (Tarnow et al., 2009; Zahran et al., 2018). Because of multidirectional hemostasis dysfunctions, the evaluation of the activity of TE, which acts on multiple targets, in diabetes seems to be justified.
In our present study, we used a model of STZ-induced diabetes (STZ-diabetes), which clinically reflects type 1 diabetes (Furman, 2015), and conducted experiments in two models of thrombosis (electrically induced and laser-induced thrombosis) that differ in the mechanism of thrombus formation. Electrically induced arterial thrombosis allows to assess thrombus weight and blood flow disturbances due to vessel-occluding thrombus formation and growth after extensive endothelium damage. Dynamics and the extent of the thrombotic process assessed in this model involve both hemodynamic conditions and hemostatic activity. Thrombus formed in this model is mainly composed of platelets and fibrin, with a minor amount of red and white blood cells (Zakrzeska et al., 2015). The model of laser-induced thrombosis combined with confocal imaging was used for the intravital observation of the thrombotic process at the site of mesenteric vein injury, where thrombus formation occurs on the exposed subendothelial matrix. Because the thrombus is composed of platelets, this model allows to assess the thrombus area and platelet activation (Marcinczyk et al., 2020). Furthermore, by using a wide range of advanced techniques, we determined the effect of TE on the components of hemostasis: platelets, coagulation system, fibrinolysis, and endothelial-dependent vascular functions. This enabled more detailed and multidimensional study of the effect of TE on the thrombotic process and hemostasis in STZ-diabetes.
MATERIALS AND METHODS
Preparation of Tormentil Extract and LC-MS Analysis
The TE extract used in the study is the same as described by Marcinczyk and co-authors (2017). It was prepared in the same extraction protocol, and can clearly correlate these two datasets. The powdered plant material (2.0 g) (batch number: 268.2020420.2020; Kawon, Gostyń, Poland) was extracted with 150 ml of 80% (v/v) methanol in an ultrasonic bath (Sonic-5, Polsonic, Poland) at a controlled temperature (40 ± 2°C) for 45 min. After solvent evaporation under reduced pressure and vacuum controlled temperature (Büchi System, Flawil, Switzerland) (temperature: 40 ± 2°C) the extract was suspended in water and subjected to lyophilization using a vacuum concentrator (Labconco, Kansas City, United States) until a constant weight of the extract was obtained (yield 0.89 g; 44.5%). Details of LC-ESI-MS analysis of the TE extract have been also described previously (Marcinczyk et al., 2017).
Animals
Male Wistar rats (weighing 260–290 g) and male C57BL6 mice (weighing 24–29 g) were used in the study. Experiments were conducted in accordance with EU Guidelines on Animal Experiments (European Directive 2010/63/EU). All procedures involving animals and their care were approved by the Local Ethical Committee on Animal Testing (Approval Nos.: 72/2018 and 73/2018).
Before conducting procedures of arterial thrombosis, laser-induced thrombosis, and assessment of P-selectin secretion and tissue factor (TF) expression, rats and mice were anesthetized. Rats were anesthetized with a single intraperitoneal injection of pentobarbital (40 mg/kg, i. p., Morbital, Poland). Mice were anesthetized with a single injection of ketamine and xylazine mixture (120 mg/kg, i. p., Ketamina 10%, Biowet, Poland; 12.5 mg/kg, i. p., Xylapan, Biowet, Poland). After the experiments, mice were euthanized by cervical dislocation, while rats were anesthetized with pentobarbital overdose (200 mg/kg, i. p.).
Diabetes Induction
Diabetes was induced in rats by a single intraperitoneal injection of STZ (Sigma Aldrich, Steinheim, Germany) at the dose of 65 mg/kg. Rats from the control group (rats without diabetes, referred as VEH) were injected with an equal volume of a citrate buffer. Blood glucose level was measured on the third day after STZ injection by using an Optium Xido glucometer (Abbott, United States). Diabetes was defined as a blood glucose level of >200 mg/dl. The development of diabetes in rats occurred over a period of 5 weeks. The blood glucose level was again measured 5 weeks after STZ injection.
Diabetes was induced in mice by a single intraperitoneal injection of STZ at 200 mg/kg dose. Mice from the control group (VEH) were injected with an equal volume of a citrate buffer. The blood glucose level was measured on the third day after STZ injection. Diabetes was defined as a blood glucose level of >200 mg/dl. The blood glucose level was again measured 4 weeks after STZ injection.
TE Administration
Diabetic mice and rats received TE per os (p.o.) with an oral gastric tube, twice daily at doses of 100, 200, and 400 mg/kg in a volume of 3 ml/kg in 5% water solution of gum arabic. Rats and mice from the VEH groups (normoglycemic rats and mice) and the Diabetes groups (rats and mice with diabetes that did not receive TE) received an equal volume of a 5% water solution of gum arabic.
Primary Hemostasis Template Bleeding Time (BT) in Rats (in vivo)
Template bleeding time was measured according to Dejana et al. (Dejana et al., 1982) before the procedure of arterial thrombosis induction.
Electrically Induced Arterial Thrombosis in a Rat Carotid Artery (in vivo)
Induction of arterial thrombosis (Schumacher et al., 1993) was performed according to our modified method (Marcinczyk et al., 2017). Arterial thrombus formation was induced by electrical stimulation (1 mA, 10 min) of the right common carotid artery. Thrombus progression led to a gradual reduction in the carotid blood flow, which was monitored with a Doppler flow probe (Transonic Systems Inc., Ithaca, United States) connected to a blood flowmeter (HSE-TRANSONIC Transit Time Flowmeter, Germany). Initial blood flow (IBF) and total time to occlusion (TTO), which was defined as the time from the commencement of the stimulation to the lack of arterial blood flow due to artery occlusion by the thrombus, were measured. Fifty-five minutes after the commencement of electrical stimulation, the thrombus was removed, dried at room temperature, and weighed after 24 h. For ex vivo experiments, blood samples were collected from the right heart ventricle by using 3.13% sodium citrate solution (1:10, v/v) as an anticoagulant.
Histological Staining of Rat Arterial Thrombus
Fragments of the carotid artery with thrombus were acquired from three rats of the following groups: VEH, Diabetes, 100 mg/kg, 200 mg/kg, and 400 mg/kg. These fragments were immediately fixed in 10% buffered formalin and routinely embedded in paraffin. Thrombus paraffin blocks were cut into section of 4 µm thick, then stained with hematoxylin-eosin for general histological examination. An experienced histologist, blinded to the technique used, assessed the slides in terms of their overall histological quality. Histological preparations were evaluated using an Olympus BX43 light microscope (Olympus 114 Corp., Tokyo, Japan) with an Olympus DP12 digital camera (Olympus 114 Corp., Tokyo, Japan) and documented.
Confocal Microscopy Observation
In the experiments of laser-induced thrombosis, P-selectin secretion, TF expression, and visualization of fibrin net and thrombus formation on the collagen, a fixed-stage microscope Zeiss Axio Examiner Z1 (Carl Zeiss Microscopy GmbH, Germany), a confocal scanner unit (CSU-X1, Yokogawa Electric Corporation, Japan), and a W Plan-Apochromat 20×/1.0 water immersion objective (Carl Zeiss Microscopy GmbH) were used. SlideBook 6.0 (Intelligent Imaging Innovations, Inc., United States) was used to analyze the recordings and images.
(1) Laser-induced thrombosis in the mice mesenteric vein and the assessment of thrombus area and PECAM-1/thrombus ratio (in vivo)
Laser-induced thrombosis was performed to establish the influence of TE on thrombus formation and to assess the activity of thrombus-forming platelets. Laser-induced thrombosis was performed as described previously (Marcinczyk et al., 2020). Briefly, 5 min before mesentery vein wall damage, Alexa Fluor 647-labeled PECAM-1 antibody (Alexa Fluor 647 anti-mouse CD31 antibody, BioLegend, United States) was injected into the femoral vein. To visualize the vessel wall and phosphatidylserine (PS)-negative platelets, 3,3′-dihexyloxacarbocyanine iodide (DiOC6(3), 0.1 mM in 0.05 ml of the mixture of DMSO and PBS (volume ratio 1:50); Life Technologies, Molecular Probes, United States) was administered by an intramuscular injection 5 min before thrombosis induction. A midline laparotomy incision was then made, and the mesentery of the ileum was then pulled out of the abdomen and draped over a plastic mound. The mesentery vein was examined microscopically and identified. The mesentery was continuously perfused with prewarmed (37°C) PBS to prevent the vessels from drying. The mesentery vein wall was injured by a 532 nm argon ion ablation laser (Ablate™, Intelligent Imaging Innovations, Inc., United States). The induction and progression of thrombosis were recorded for 3 min. One record was divided into 25 time points. In each time point, the area of thrombus was encircled. The values of the thrombus area from each time point were added and referred to as the total thrombus area. To assess the activity of platelets in thrombus, the area of fluorescence of PECAM-1 was also measured at each time point. The area of PECAM-1 fluorescence at a particular time point was then divided by the thrombus area at that time point. The values from one record were added and referred to as the PECAM-1/thrombus ratio. One thrombus was induced in one mouse.
(2) P-selectin secretion at the site of laser injury in the mesenteric vein in mice (in vivo)
Five minutes before mesentery vein wall damage, Alexa Fluor 647-labeled P-selectin antibody (50 μg/kg, Alexa Fluor 647 Rat Anti-Mouse CD62 P, BD Pharmingen, United States) was injected into the femoral vein of anesthetized mice. The mesenteric vein was isolated and injured by the laser as described above. P-selectin secretion was recorded for 6 min. The record was then divided into 25 time points. The values of P-selectin fluorescence from the 25 time points were added and referred to as total P-selectin fluorescence. One P-selectin measurement was performed in one mouse.
(3) TF expression at the site of laser injury in the mesenteric artery in mice (in vivo)
Five minutes before mesentery arterial wall damage, Alexa Fluor 488-labeled TF antibody (35 μg/kg, CD142 Antibody, Alexa Fluor 488 conjugated, Bioss Inc., United States) was injected into the femoral vein of anesthetized mice. The mesenteric artery was isolated and injured in the same manner as that for the mesenteric vein. TF expression was recorded for 6 min. One record was divided into 25 time points. The value of TF fluorescence from each time point was multiplied by the area of its fluorescence. The resultant values from 25 time points were added and referred to as total TF fluorescence. One measurement of TF expression was performed in one mouse.
(4) Thrombus formation in a flow chamber and the assessment of platelet procoagulant index (PI) in rat blood (ex vivo)
Thrombus formation on collagen was performed to assess the procoagulant activity of platelets. The procoagulant index indicates the amount of irreversibly activated platelets with exposed PS which catalyzes the coagulation reaction. Thrombus formation on collagen type I fibers has been reported earlier (Misztal et al., 2019). Briefly, blood treated with the anticoagulant trisodium citrate was supplemented with Fraxiparine (5 U/mL, GlaxoSmithKline, United Kingdom) and incubated with DiOC6(3) (0.1 mM in 0.05 ml of a mixture of DMSO and PBS (volume ratio 1:50)), Life Technologies, Molecular Probes, United States) for 2 min and then supplemented with MgCl2 and CaCl2 (final concentration of both: 3 mM). For thrombus formation, blood was perfused through a chamber with collagen-coated surface for 4 min at the shear rate of 1000 s−1. The shear rate reflected arterial circulation. The thrombus-coated area was then perfused for 3 min with HEPES buffer supplemented with Alexa Fluor 647-conjugated Annexin V (5 μg/ml) (ANX V, Alexa Fluor® 647 conjugate, Thermo Fisher Scientific, United States), which stains PS-positive platelets, and CaCl2 (2 mM). The staining process was followed by washing with HEPES buffer without CaCl2 and ANX V. Platelets that did not undergo irreversible activation (PS-negative platelets, aggregating platelets) were stained with DiOC6(3), which is a lipophilic dye that penetrates through the intact cell membrane. End-stage measurements for thrombus formation were performed by acquiring two-color images of thrombus composed of PS-positive platelets (labeled with ANX V) and PS-negative platelets (visualized with DiOC6(3)). To determine the PI, the area of PS-positive platelets was divided by the area of PS-negative platelets.
(5) Evaluation of fibrin net density in rat plasma (ex vivo)
Fibrin net density in clot was evaluated as described previously (Gromotowicz-Poplawska et al., 2019). Briefly, rat blood samples were centrifuged to obtain platelet-rich plasma (PRP, 200 × g for 20 min) and platelet-poor plasma (PPP, centrifugation of PRP at 14,000 × g for 5 min). Alexa Fluor 488-labeled human fibrinogen (Fibrinogen from Human Plasma, Alexa Fluor™ 488 Conjugate, Thermo Fisher Scientific, United States; final concentration: 15 µM) was added to the samples of PRP and PPP. To induce clot formation, CaCl2 (final concentration: 20 mM) was added. The samples were then incubated at 37°C for 2 h. Relative clot density was established from the images of the resultant clots. In each image, five 40 µm long straight lines were placed randomly. The number of fibrin fibers crossing each line was counted. The average of the resultant values was then referred to as the relative clot density.
Biochemical Analysis of Hemostasis in Rat Plasma (ex vivo)
Nitrite and nitrate (NO2− and NO3−) concentrations in rat plasma were determined by an assay using the Griess method (R and D Systems, United States). Rat plasma concentrations of active form of tissue plasminogen activator (t-PA), active form of plasminogen activator inhibitor 1 (PAI-1), plasminogen (Innovative Research, Inc., United States), 6-keto prostaglandin 1 α (6-keto PGF1α, stable metabolite of PGI2, Cayman Chemicals, United States), and tumor necrosis factor-α (TNF-α, Abcam, United Kingdom) were measured by immunoenzymatic assays. The microplate reader ELx808 (BioTek Instruments, Inc., United States) was used in all assays.
Euglobulin Clot Lysis Time (ECLT) in Rat Plasma (ex vivo)
The euglobulin clot lysis time was used to determine the time of clot dissolution. The ECLT was measured according to the method of Tomczyk et al. (Tomczyk et al., 2016).
Statistical Analysis
Data were evaluated using GraphPad Prism 5. The Shapiro-Wilk test was performed to determine the normal distribution of the data. Differences between two groups were assessed using Student’s t-test or paired samples t-test (for normally distributed data) or the Mann-Whitney U test (for non-normally distributed data). Data are expressed as mean ± SEM or median (interquartile range) of the number of determination (n). A p value of <0.05 was considered to be significant.
RESULTS
General Characteristic of the Animals
TE did not affect the body weight and blood glucose levels in rats and mice. The mean initial body weight of the rats was 282–293 g. The mean body weight of the diabetic rats (Diabetes, 100 mg/kg, 200 mg/kg, and 400 mg/kg groups) after 5 weeks of experiment was 224–232 g, whereas the mean body weight of rats from the VEH group was 390 g. The mean initial blood glucose level of the rats was 82–85 mg/dl. The mean blood glucose level of the diabetic rats (Diabetes, 100 mg/kg, 200 mg/kg, and 400 mg/kg groups) after 5 weeks of experiment was 374–388 mg/dl, whereas the mean glucose level of rats from the VEH group was 85 mg/dl. The mean initial body weight of the mice was 27–28 g. The mean body weight of the diabetic mice (Diabetes, 100 mg/kg, 200 mg/kg, and 400 mg/kg groups) after 4 weeks of experiment was 21–22 g, whereas the mean body weight of mice from the VEH group was 31 g. The mean initial blood glucose level of the mice was 127–128 mg/dl. The mean blood glucose level of the diabetic mice (Diabetes, 100 mg/kg, 200 mg/kg, and 400 mg/kg groups) after 4 weeks of experiment was 445–460 mg/dl. Based on the daily observation of the animals, no reduced water and food intake, diarrhea or apathy were observed.
Primary Hemostasis
TE prolonged BT only at the dose of 400 mg/kg (Figure 1A).
[image: Figure 1]FIGURE 1 | The effect of TE on: BT (A), concentration of NO2− and NO3−(B), concentration of 6-keto PGF1α(C), concentration of TNF-α (D). *p < 0.05, **p < 0.01, ***p < 0.001 vs. VEH; #p < 0.05, ##p < 0.01 vs. Diabetes; ^^p < 0.01 vs. 100 mg/kg; $$p < 0.01 vs. 200 mg/kg; n = 8–11. Data are shown as median (interquartile range).
Electrically Induced Arterial Thrombosis in Rat Carotid Artery (in vivo)

(1) Dynamics of thrombus formation
TE increased the IBF and prolonged TTO at 200 and 400 mg/kg doses (Figures 2B,C). However, TE at 200 mg/kg dose increased thrombus weight (Figures 2D).
(1) Histological staining of the rat arterial thrombus
[image: Figure 2]FIGURE 2 | The effect of TE on electrically induced thrombosis. Changes in the carotid blood flow in the artery of rats subjected to electrical stimulation (A). The effect of TE on: IBF in the rat artery before electrical stimulation (B), TTO in the rat artery (C), dry thrombus weight (D). *p < 0.05, **p < 0.01, ***p < 0.001 vs. VEH; #p < 0.05, ##p < 0.01, ###p < 0.001 vs. Diabetes; n = 8–11. Data are shown as mean ± SEM.
TE changed the arterial thrombus structure and arterial wall in animals from the test groups (Figure 3). All thrombi consisted of fibrin, platelets, trapped erythrocytes, and leukocytes in various proportions. Thinning of the middle layer of the arterial wall was observed in animals from the Diabetes group and in animals treated with TE at 100 mg/kg dose. The largest increase in the thickness of the middle layer of the arterial wall was observed in animals treated with TE at 400 mg/kg dose. The middle layer thickness in this group was similar to that observed in the VEH group. Furthermore, only single leukocytes were observed in thrombi from animals treated with TE at 400 mg/kg dose. The thrombi from the animals treated with TE at 200 mg/kg dose contained a large amount of fibrin. Many erythrocytes were entrapped in the thrombus in Diabetes animals and in animals treated with TE at 400 mg/kg dose.
[image: Figure 3]FIGURE 3 | Representative photomicrographs of the thrombi and rat carotid artery wall. Fibrin and platelet aggregates are stained pink, erythrocytes are stained red, leukocytes are stained blue, and black arrows indicate the arterial wall. Routine H and E staining, ×200 magnification.
Thrombus Formation in the Flow Chamber and the Assessment of PI in Rat Blood (ex vivo)
TE decreased PI at all the tested doses. However, this effect was less pronounced as the dose of TE increased (Figure 4A).
[image: Figure 4]FIGURE 4 | The effect of TE on PI (A). Representative confocal microscopy images of thrombus consisting of PS-negative platelets (green) and PS-positive platelets (red). Bar = 10 µm (B) ***p < 0.001 vs. VEH; #p < 0.05, ###p < 0.001 vs. Diabetes; ^p < 0.05,^^^p < 0.001 vs. 100 mg/kg; $$p < 0.01 vs. 200 mg/kg; n = 8–11. Data are shown as mean ± SEM.
Laser-Induced Thrombosis in the Mice Mesenteric Vein and the Assessment of the Thrombus Area and PECAM-1/Thrombus Ratio (in vivo)
TE at only 100 mg/kg dose decreased the thrombus area (Figure 5A). However, at 100 and 200 mg/kg doses, TE increased the PECAM-1/thrombus ratio, thus indicating reduced platelet activity (Figure 5B).
[image: Figure 5]FIGURE 5 | The effect of TE on laser-induced thrombosis. The effect of TE on: thrombus area (A) and PECAM-1/thrombus ratio (B). Kinetics of thrombus formation at the site of laser injury (C). Representative confocal microscopy images of thrombus (green, top row), PECAM-1 (red, middle row), and merged channels (bottom row). Bar = 10 µm (D). **p < 0.01, ***p < 0.001 vs. VEH; #p < 0.05, ###p < 0.001 vs. Diabetes; ^^^p < 0.001 vs. 100 mg/kg; $$p < 0.01 vs. 200 mg/kg; n = 7–10. Data are shown as median (interquartile range).
Assessment of P-Selectin Secretion at the Site of Laser Injury in the Mice Mesenteric Vein (in vivo)
TE at 100 and 400 mg/kg doses decreased P-selectin secretion at the site of laser injury of the mesenteric vein (Figure 6B).
[image: Figure 6]FIGURE 6 | Changes in P-selectin fluorescence at the site of injury. Fluorescence of P-selectin is presented in arbitrary units of fluorescence (a. u.) (A). The effect of TE on P-selectin secretion by platelets (B). Representative confocal microscopy images of P-selectin. White arrows indicate the site of injury. Bar = 10 µm (C). **p < 0.01, ***p < 0.001 vs. VEH; ###p < 0.001 vs. Diabetes; ^p < 0.05, ^^^p < 0.001 vs. 100 mg/kg; $$p < 0.01 vs. 200 mg/kg, n = 8–9. Data are shown as mean ± SEM.
Evaluation of Fibrin Net Density in Rat Plasma (ex vivo)
Fibrin net density was assessed in the clot formed after recalcination of PRP and PPP. The use of two different experimental environments (PPP and PRP) enabled to assess the role of platelets in the process of fibrin formation after TE treatment. TE increased the relative clot density in PRP at all the tested doses, and the largest increase was observed at 200 mg/kg (Figure 7A, white bars). However, the increase in the relative clot density in PPP was observed only at 100 and 200 mg/kg doses (Figure 7A, black bars). Similar to PRP, the most pronounced increase in the relative clot density in PPP was observed at 200 mg/kg dose.
[image: Figure 7]FIGURE 7 | The effect of TE on the fibrin net density in clots formed after recalcination of PRP (white bars) and PPP (black bars) (A). Representative confocal microscopy images of fibrin net. Bar = 10 µm (B). ***p < 0.001 vs. VEH; #p < 0.05, ##p < 0.01, ###p < 0.001 vs. Diabetes; $p < 0.05, $$p < 0.01 vs. 200 mg/kg; n = 7–9. Data are shown as mean ± SEM.
TF Expression at the Site of Laser Injury in the Mesenteric Artery in Mice (in vivo)
TE at all the tested doses decreased TF fluorescence at the site of laser injury in the mesentery artery. This effect was most pronounced at 200 mg/kg dose (Figure 8B).
[image: Figure 8]FIGURE 8 | Changes in TF fluorescence at the site of injury over time. Fluorescence of TF is presented in arbitrary units of fluorescence (a. u.) (A). The effect of TE on TF expression (B). Representative confocal microscopy images of TF expression. Bar = 10 µm (C). *p < 0.05, ***p < 0.001 vs. VEH; ##p < 0.01, ###p < 0.001 vs. Diabetes; ^p < 0.05, ^^p < 0.01 vs. 100 mg/kg; $$$p < 0.001 vs. 200 mg/kg; n = 7–9. Data are shown as median (interquartile range).
Fibrinolysis
TE prolonged ECLT at 200 and 400 mg/kg doses. This effect was most prominent at 200 mg/kg dose (Figure 9A). TE did not affect the concentration of plasminogen (Figure 9B). TE at 200 mg/kg dose increased the concentration of active form of t-PA, but its concentration was reduced at 400 mg/kg dose as compared to that at 200 mg/kg dose (Figure 9C). TE showed a tendency to increase the concentration of active form of PAI-1 (Figure 9D).
[image: Figure 9]FIGURE 9 | The effect of TE on fibrinolysis. The effect of TE on: ECLT (A), plasminogen concentration (B), concentration of active form of t-PA (C), concentration of active form of PAI-1 (D). *p < 0.05, **p < 0.01 vs. VEH; ##p < 0.01, ###p < 0.001 vs. Diabetes; ^p < 0.05, ^^p < 0.01, ^^^p < 0.001 vs. 100 mg/kg; $$p < 0.01 vs. 200 mg/kg; n = 7–11. Data are shown as mean ± SEM.
Concentrations of NO2− and NO3−
TE at 200 mg/kg dose increased the concentrations of NO2− and NO3−. However, TE at 400 mg/kg dose decreased the concentrations of NO2− and NO3− as compared to that at 200 mg/kg dose (Figure 1B).
Concentrations of 6-Keto PGF1α and TNF-α
TE at 400 mg/kg dose decreased the concentration of 6-keto PGF1α (Figure 1C). However, it did not affect the concentration of TNF-α (Figure 1D).
DISCUSSION
In the present study, we observed the multidirectional effects of TE on hemostasis in STZ-diabetic rats and mice, which were not associated with the blood glucose level. An increase in the dynamics and extent of thrombus formation in STZ-diabetes was demonstrated in the models of electrically induced and laser-induced thrombosis. Thrombosis was enhanced due to increased platelet (Figures 4–6) and coagulation activity (Figures 7, 8), impaired fibrinolysis (Figures 9C,D), endothelial dysfunction (Figure 1B), reduced blood flow (Figure 2B), and inflammatory state (Figures 1C,D). In vivo experiments were performed in both rats and mice to make the overall effect of TE species-independent. We observed that TE in diabetic rats, unlike in normoglycemic rats (Marcinczyk et al., 2017), does not exert antithrombotic effect in the rat carotid artery. Moreover, it intensified electrically induced thrombotic process at 200 mg/kg dose, which was manifested as increased thrombus weight (Figure 2D). Considering the slight increase in fibrin formation in normoglycemia, we presumed that the increase in thrombus weight in STZ-diabetes could be due to enhanced coagulation. This hypothesis was confirmed in the experiment where the most pronounced fibrin net density was observed at TE dose of 200 mg/kg in clots formed in both PPP and PRP. TE at all the tested doses increased fibrin net density in PRP, while it increased the fibrin net density in PPP only at 100 and 200 mg/kg doses. This observation indicated an increase in platelet activity at 400 mg/kg dose as compared to that noted at 100 mg/kg dose and confirmed the key role of platelets in the process of fibrin formation. Increased fibrin net density was the reason for further studies on the effect of TE on coagulation. Because the TF/VIIa complex triggers coagulation in vivo (Smith, 2009), the next stage of the study was to determine the expression of TF in a mouse mesenteric artery. TE at all the tested doses decreased the expression of TF, and this effect was the strongest at 200 mg/kg dose (Figure 8). Because TE at 200 mg/kg dose caused the most dense fibrin net formation, the contribution of TF in the enhancement of coagulation was ruled out. As platelets play an essential role in the process of fibrin formation, the next stage of the study was to evaluate the influence of TE on platelet procoagulant activity. For this purpose, we used a flow chamber combined with a confocal microscopic imaging system. This model enables real-time monitoring of the process of thrombus formation on collagen fibers (ex vivo). Platelets in thrombus can be divided into two subpopulations: procoagulant and aggregating platelets. During sustained and potent activation, platelets change their discoidal shape to irregular shape, and the platelet cell membrane undergoes irreversible reorganization, which causes exposure of PS from the inner to the outer leaflet of the platelet plasma membrane. Because PS catalyzes the activation of coagulation factors, platelets with exposed PS are called procoagulant platelets. Aggregating platelets do not show exposure of PS (PS-negative platelets). However, because they are close to activating factors, they form pseudopods and undergo secretion (Heemskerk et al., 2013). As PS catalyzes coagulation reactions, the ratio of the area of PS-positive platelets to the area of PS-negative platelets is termed as PI and reflects the extent of platelet procoagulant response. PI was reduced at all tested doses of TE; the strongest antiprocoagulant effect was observed at 100 mg/kg dose, while the weakest reduction in PI was observed at 400 mg/kg dose (Figure 4). Therefore, it can be assumed that the weakened antiprocoagulant effect contributed to the increased fibrin net density in clots formed in PRP at 400 mg/kg dose compared to that in the Diabetes group. However, the decreased fibrin net density at 400 mg/kg dose as compared to that at 200 mg/kg dose with and without platelets (PRP and PPP) indicates an unknown plasma-related mechanism of coagulation activation. Further experiments on the influence of TE on platelet activity were performed in a model of laser-induced thrombosis. In this model, because of the small area of the exposed subendothelial matrix, potent and sustained platelet activation does not occur, which results in thrombus composed of platelets that do not undergo irreversible activation (aggregating, PS-negative platelets) and can easily detach from the site of injury. Therefore, this model is suitable to investigate platelet activity in the aggregation state. TE only at the lowest dose (100 mg/kg) decreased the thrombus area in the model of laser-induced thrombosis (Figure 5A); this finding is consistent with the antiplatelet activity observed in the flow chamber model. The previously observed antithrombotic effect in normoglycemic rats and mice was noted only at the highest dose (400 mg/kg) and corresponded to a potent antiplatelet activity (Marcinczyk et al., 2017). Next, the assessment of the activity of aggregating platelets in thrombus was measured by the PECAM-1/thrombus ratio, which indicates the proportion of platelet-endothelial cell adhesion molecule 1 (PECAM-1) in thrombus. As PECAM-1 is considered as an antithrombotic molecule, the higher the PECAM-1/thrombus ratio, the less activated are the platelets in thrombus (Marcinczyk et al., 2020). TE increased the PECAM-1/thrombus ratio with the most pronounced effect at 100 mg/kg dose (Figure 5B). The antiplatelet effect of TE at 100 mg/kg dose was significant enough to translate into the antithrombotic effect. These observations indicate that TE at 100 mg/kg dose most effectively reduced platelet activity in two modes of activation: reversible, which was expressed as increased PECAM-1/thrombus ratio, and irreversible, which was expressed as decreased PI. The sections of arterial thrombi showed an increase in entrapped erythrocytes at 400 mg/kg dose (Figure 3). This indicates hemolysis, which leads to the enhanced incorporation of erythrocytes into thrombus (Helms et al., 2013). Furthermore, the pale red color of plasma of the 400 mg/kg group (data not shown) indicated the occurrence of hemolysis. During hemolysis, erythrocytes release platelet agonists, (e.g., ADP), which also contributes to enhanced platelet activity (Noh et al., 2010) and could partially explain the alleviation of the antiplatelet effect of TE at 400 mg/kg dose. The next stage of the study was the assessment of P-selectin secretion at the site of laser-induced mesenteric vein injury under intravital conditions. P-selectin, a marker of platelet secretion, is responsible for thrombus progression and its stability, which allows direct interactions of platelets with endothelial cells and leukocytes (Prakash et al., 2017). Inhibition of P-selectin secretion was observed only at 100 and 400 mg/kg doses; this finding may suggest the decreased stability of thrombus (Figure 6). The curve of thrombus formation kinetics in the 100 mg/kg- and 400 mg/kg-treated groups is characterized with a high peak and the slope of the curve, which correspond to the addition of the thrombotic material shortly after vessel injury and subsequent elution of the thrombus. The curve of thrombus kinetics in the 200 mg/kg-treated group shows two peaks that correspond to two massive additions of the thrombotic material; this finding suggests increased thrombus stability as compared to that noted in the 100 and 400 mg/kg groups (Figure 5C). We observed that TE at 200 and 400 mg/kg doses increased the IBF in the rat carotid artery and prolonged TTO (Figures 2B,C); this finding indicated the contribution of the vessel wall in changes of thrombus formation kinetics. Furthermore, TE at 400 mg/kg dose also prolonged BT (Figure 1A), which reflects the dependence of primary hemostasis on the blood vessel response (vasoconstriction/vasodilatation) and on the activity of platelets that form a platelet plug at the site of injury (Mattix and Singh, 1999). Because of the lack of the antiplatelet effect of TE at 400 mg/kg dose in this model, the prolongation of BT indicated an improvement in vascular function. Furthermore, H and E staining revealed that TE increased the thickness of the middle layer of the artery wall (Figure 3), which may be an indirect effect associated with an increased blood flow (Basu et al., 2010). Some of the compounds of TE and their metabolites have potential to improve vascular functions, which may be reflected as increased blood flow observed in Figure 2B. Metabolites generated from ellagic acid and ellagitannins by the intestinal microbiota such as urolithin A and B have been shown to enhance eNOS expression (Han et al., 2016; Spigoni et al., 2016), and the activity of procyanidin B leads to vasorelaxation of the human mammary artery (Novakovic et al., 2017). This indicated that the observed improvement in blood flow might be partially due to an endothelial-dependent mechanism. Therefore, in the next stage of the study, the concentrations of NO2− and NO3−, the stable metabolites of NO – the main vasoactive molecule released from the endothelium (Mitchell et al., 2008) – were measured. TE at 200 mg/kg dose increased the concentrations of NO2− and NO3−, which may contribute to IBF improvement and TTO prolongation (Figures 2B,C, respectively). Previous studies on endothelial NO release have shown that the increase in eNOS activity is linked to the decrease in TF expression (Solovey et al., 2010). Therefore, the largest decrease in TF fluorescence at 200 mg/kg dose may be due to the increased production of NO at this dose. However, the reason why NO2− and NO3− concentrations increased only at 200 mg/kg dose and not at 400 mg/kg dose remains unclear.
The next component of the prothrombotic effect of TE at 200 mg/kg dose was the attenuation of fibrinolysis, as the fibrinolytic activity of plasma measured as ECLT was most strongly inhibited at this dose (Figure 9A). However, TE at 200 mg/kg dose increased the concentration of the active form of t-PA (Figure 9C), which might be due to increase NO release (Giannarelli et al., 2007). Furthermore, compared to 200 mg/kg dose, TE at 400 mg/kg dose decreased the concentration of active form of t-PA, which may result from decreased concentration of bradykinin – one of the activators of t-PA release (Marcinczyk et al., 2017). The antifibrinolytic effect of TE could also be, to some extent, explained by an increase in the concentration of the active form of PAI-1 (Figure 9D). This may be due to the increased activation of platelets, which release PAI-1 during the activation process (Morrow et al., 2020). Furthermore, the tendency of increasing concentration of active form of PAI-1 may be due to the decreased concentration of t-PA that binds to PAI-1, thus diminishing the measurable pool of free PAI-1 (Chandler et al., 1995).
Considering the anti-inflammatory activity of TE (Tunón et al., 1995; Wölfle et al., 2017) and the prothrombotic effect of inflammation (Esmon, 2003), the concentration of TNF-α, a commonly accepted inflammation marker, was measured. TE did not change the level of TNF-α in rat plasma (Figure 1D). However, no effect on TNF-α does not imply a lack of anti-inflammatory properties of TE in diabetes. The less number of leukocytes in thrombi from the 400 mg/kg-treated group than that in thrombi from the Diabetes group may indicate the anti-inflammatory activity of TE (Figure 3). We have also shown that TE at 400 mg/kg dose lowered the concentration of 6-keto PGF1α, thus indicating the inhibition of PGI2 production by endothelial cells in the presence of high dose of TE (Figure 1C). The effect of decreased PGI2 production may be due to the known inhibitory effect of TE or its agrimoniin-rich fraction on COX activity (Tunón et al., 1995; Hoffmann et al., 2016). Furthermore, the results of our study are consistent with those which show that the anti-inflammatory effect of TE is dependent on the inhibition of arachidonic acid (AA) metabolism. However, in those studies, the anti-inflammatory effect was demonstrated in a human keratinocyte cell line (HaCaT, in vitro) and in human skin (in vivo, applied topically) (Hoffmann et al., 2016). Thus, our study for the first time showed that after oral intake, the anti-inflammatory effect of TE could be dependent on the inhibition of AA metabolism.
In our present study, the bioavailability and plasma concentrations of specific compounds originating from TE and their metabolites were not assessed; thus, we cannot confirm which compounds or metabolites are primarily responsible for the changes observed in hemostasis. Furthermore, it is possible that the inflammatory state changed the bioavailability of specific TE components. Urolithins, which are the gut microbiota-derived metabolites of ellagitannins, undergo glucuronidation rapidly after absorption. Glucuronides of urolithins are inactive, but under inflammatory conditions, they are deconjugated by ß-glucuronidase to free urolithins (Piwowarski et al., 2017). Therefore, it can be presumed that the amount of free urolithins after the administration of equivalent doses of TE is different in normoglycemia and STZ-diabetes. Furthermore, the differences in gut microbiota in normoglycemia and diabetes (Ma et al., 2020) could lead to the formation of different metabolites of TE. In our present study, we showed for the first time that the activity of TE is dependent on the pathological condition. It is also possible that TE activity in STZ-diabetes was associated with the production of inflammatory-related TE metabolites. To summarize, we have shown that TE exerts multidirectional effects on the activity of platelets, coagulation, fibrinolysis, and endothelial-dependent vascular functions in STZ-diabetic rats and mice. These multidirectional effects of TE on hemostasis translated into a model-dependent effect on the thrombotic process. Furthermore, the contrasting effects of TE in normoglycemia (Marcinczyk et al., 2017) and diabetes indicates that the mechanism of action of TE is related to the pathological-dependent baseline hemostatic activity.
Since the TE has been used to treat diarrhea (Tomczyk and Latté, 2009), our study may have clinical relevance in hemostasis regulation. However, considering the activation of coagulation and the inhibition of fibrinolysis by TE, the beneficial impact of ellagitannins (Haber et al., 2011; Istas et al., 2018) on hemostasis after short-term use is not so obvious. Our study’s TE’s doses were selected based on studies with rats and mice (Shushunov et al., 2009). Pharmacokinetics of TE in humans have not been investigated yet, but TE’s doses are lower (approximately 2.5–40 mg/kg) (Subbotina et al., 2003; Huber et al., 2007). Due to the fast metabolism rate, mice and rats often require higher doses of the drug (e.g., acetylsalicylic acid) (Wientjes and Levy, 1988; Nagelschmitz et al., 2014). Nevertheless, we cannot state whether the same pharmacological effects can be expected after using the same doses of TE in humans as in rodents. Raising these issues, further studies are needed to assess the potential clinical significance of our study particularly in patients with increased risk of thromboembolic events.
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6-keto PGF1α, 6-keto prostaglandin 1 α; AA, arachidonic acid; ANX V, annexin V; DiOC6(3), 3,3ʹ-dihexyloxacarbocyanine iodide; ECLT, euglobulin clot lysis time; IBF, initial blood flow; LC-ESI-MS, liquid chromatography-electrospray ionization-mass spectrometry; NO2− and NO3−, nitrite and nitrate; PAI-1, plasminogen activator inhibitor 1; PGI2, prostacyclin; PI, platelet procoagulant index; PPP, platelet-poor plasma; PRP, platelet-rich plasma; PS, phosphatidylserine; i.p., intraperitoneal administration (lat. iniectio intraperitonealis); p.o., oral administration (lat. per os); TE, tormentil extract; TF, tissue factor; TNF-α, tumor necrosis factor α; t-PA, tissue plasminogen activator; TTO, total time to occlusion; TXA2, thromboxane; STZ, streptozotocin.
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Cherry stems (CS) represent a by-product intensively used in Eastern European countries as a traditional remedy for urinary tract disorders. Ethnopharmacological evidences sustain the use of CS as aqueous preparations (infusion and decoction), but few data were previously reported about phytochemical profile and pharmacological potential of CS hydroalcoholic extracts. In this regard, we aimed to evaluate the phenolic profile, in vitro antioxidant and tyrosinase inhibitory potential, and in vivo diuretic activity of 70% hydroethanolic cherry stems extract and cherry stems decoction (CSD). LC-DAD-ESI/MSn analysis revealed the presence of flavonoid-type compounds as main constituents for both preparations, especially flavanones (naringenin glycosides). Antioxidant activity evaluated through DPPH, ABTS, and FRAP methods was superior for cherry stems extract, probably due to the presence of phenolic-derived compounds in higher amounts than CSD. On the other hand, tyrosinase inhibitory potential and diuretic effect exerted by CSD were stronger, highlighting that other types of hydrophilic secondary metabolites are responsible for this bioactivity. Overall, our findings indicate that CS preparations could be used as promising mild diuretic agents and encourage further investigations regarding the correlation between their chemical composition and bioactive potential.
Keywords: Cerasus sp., cherry stems, diuretic activity, polyphenols, by-products
INTRODUCTION
In last decades, the importance of plant-derived bioactive compounds was intensively studied, highlighting their impact on human health as modulators of metabolic pathways and processes involved in the development of different pathological conditions. Even though dietary intake can provide high amounts of plant-derived secondary metabolites, food habits and nutritional quality of our meals upset the balance between the real need and consumption of these compounds. According to Bailey (2020), more than 50% of U.S. adult population use dietary supplements; a study on E.U. food supplement market conducted by European Commission estimates that 50% of these products are based on vitamins and minerals, 43% food supplements containing other substances, and 7% tonics and bottled nutritional drinks (classified as OTC products or marketed as functional foods) (European Advisory Services (EAS), 2007). Hence, the interest for this type of products is in a continuous and exponential increase, explaining the actual trends in the research for novel and sustainable resources for food supplements industry.
By-products resulted from the processing of different herbal resources are intensively promoted as promising sources of bioactive compounds, being recognized as cheap, eco-friendly, and sustainable alternatives for standard raw materials (Fierascu et al., 2020). Moreover, recent studies have proven that high amounts of secondary metabolites can be concentrated in plant by-products; for example, it was shown that an important fraction from total polyphenolic content of several by-products from food industry can be found as bound form, namely non-extractable polyphenols (NEP), which exerts significant antitumor, antioxidant, and hypocholesterolemiant properties (Dzah et al., 2020). Therefore, it can be assumed that one of the big goals for the future is the valorification of more and more by-products as main sources of phytochemicals with health-related properties.
Cherry stems (CS) are one of the main by-products obtained after the harvesting and processing of sweet cherries (Prunus avium) and sour cherries (Prunus cerasus). Even though these are generally recognized as a waste for food industry, the folk medicine recommends them as a traditional herbal remedy, especially for its diuretic and sedative properties; the herbal drug is known by its Latin botanical name (Cerasorum stipites), being used as infusion or decoction (Bastos et al., 2015; Aires et al., 2017; Švarc-Gajić et al., 2018; Nastić et al., 2020; Peixoto et al., 2020). According to the Committee on Herbal Medicinal Products (HMPC) of European Medicines Agency, CS can be used single or as herbal tea combinations with other herbal substances used in the therapeutic area for “urinary tract disorders,” generically named Species diureticae (Länger, 2017). In Central and Eastern European countries, especially in Romania, based on ethnopharmacological recommendations, the herbal product is recognized as a popular remedy in the adjuvant treatment of kidney stones, mild urinary tract infections, edema, and hypertension. In Encyclopedia of Romanian ethnobotany, Butura et al. describe the use of CS as infusions or decoctions in intra-Carpathic areas in the treatment of kidney disorders; different traditional recipes for decoctions were reported, obtained from both stems and crushed stones from cherries or herbal mixtures including aerial parts of horsetail (Equisetum arvense), leaf buds of mountain pine (Pinus mugo), and corn stigmas (Zea mays) (Butura, 1979). Being one of the most popular herbal products with diuretic properties in Romanian folk medicine, pharmacies and markets sell CS-containing products conditioned as teas or capsules, recommended as adjuvant therapy in kidney stones, cystitis, or obesity (Pârvu, 2006).
Few phytochemical and pharmacological investigations were conducted on CS. Most of the studies available on this topic are from last 5 to 10 years, being focused both on qualitative and quantitative evaluation of the main constituents in the extracts and the assessment of their potential bioactivities. In a comparative study between fruits and stems focused on hydrophilic compounds profile, Bastos et al. showed that stems are rich in citric, malic, and oxalic acids (Bastos et al., 2015). In the same study, phenolic profile of hydroalcoholic extracts obtained from stems was evaluated; sakuranetin-5-O-glucoside, catechin, naringenin-7-O-glucoside, and aromadendrin-7-O-hexoside were quantified as main compounds. Other studies revealed the presence of hydroxycinnamic acids (cis-3-O-p-coumaroylquinic acid, chlorogenic acid, and trans-3-O-p-coumaroylquinic acid): quercetin and sinapic acid in high amounts (Demir et al., 2020; Peixoto et al., 2020). In this regard, corroborated with the occurrence of these compounds, several in vitro bioactivities were proven for CS extracts: antioxidant, antitumor, antidiabetic, and antibacterial (Bastos et al., 2015; Aires et al., 2017; Demir et al., 2020; Peixoto et al., 2020).
Except for the in vitro antibacterial effect on E. coli strains, few studies were focused on the evaluation of the real benefits of CS in the treatment of urinary tract disorders based on pharmacological investigation (Aires et al., 2017). Hence, the present study aimed to evaluate phenolic profile and pharmacological properties of two different types of extracts obtained from CS (hydroethanolic and aqueous decoction). LC-DAD-ESI/MSn technique was employed for both qualitative and quantitative analysis of several phenolic compounds, followed by in vitro evaluation of antioxidant and tyrosinase inhibitory activities. In vivo diuretic potential of the extracts was tested using a rodent model previously established.
MATERIALS AND METHOD
Chemicals and Reagents
Acetonitrile (99.9%) was of HPLC grade from Fisher Scientific (Lisbon, Portugal). Phenolic compound standards (chlorogenic acid, ferulic acid, naringenin, p-coumaric acid, quercetin-3-O-glucoside, quercetin-3-O-rutinoside, and taxifolin) were from Extrasynthèse (Genay, France). Formic acid was purchased from Sigma-Aldrich (St. Louis, MO, United States). All other general laboratory reagents were purchased from Panreac Química S.L.U. (Barcelona, Spain). Water was treated by using a Milli-Q water purification system (TGI Pure Water Systems, Greenville, SC, United States). Ferric chloride; 6-hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic acid (Trolox) (97%); diammonium 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonate) (ABTS) (>98%); 2,2-diphenyl-1-(2,4,6-trinitrophenyl) hydrazine (DPPH); 2,4,6-tris (2-pyridyl)-s-triazine (TPTZ) (≥99%); dimethyl sulfoxide (DMSO) (≥99%); phosphate buffer, mushroom tyrosinase; 3,4-dihydroxy-l-phenylalanine (l-DOPA) (≥98%); and kojic acid were purchased from Sigma (Sigma-Aldrich Chemie GmbH, Schnelldorf, Germany). All other reagents used, including solvents, were of analytical grade.
Plant Material
CS were purchased from a community pharmacy in Cluj-Napoca, Romania, as herbal tea conditioned in toto (raw material). Samples were ground to a fine powder using a laboratory mill, sieved and immediately subjected to extraction. The quality of samples was analyzed and confirmed after organoleptic and macroscopic control by Dr. Andrei Mocan from Department of Pharmaceutical Botany, Faculty of Pharmacy, “Iuliu Hatieganu” University of Medicine and Pharmacy (Cluj-Napoca, Romania).
Extraction Procedure
Maceration: 100 g CS powder previously weighed and transferred in an Erlenmeyer flask was mixed with 500 ml of 70% (v:v) ethanol, being shaken and kept at room temperature in a dark place for 72 h. After filtration, the residue was re-extracted with 500 ml of solvent in the same condition for other 6 days. The extracts were reunited in a round-bottom flask and the alcohol was evaporated under reduced pressure. The aqueous suspension obtained was further lyophilized; the dry CS extract (CSE) was being kept in a desiccator at room temperature until analysis.
Decoction: 1 L of boiling water was added over 100 g CS powder previously weighed in an Erlenmeyer flask, the mixture being maintained at 100 °C on an electric hob under continuous stirring. The aqueous extract was hot filtered, cooled at room temperature, and lyophilized, obtaining a dry CS decoction (CSD). This extract was kept in similar conditions with CSE until further analysis.
LC-DAD-ESI/MS Analysis of Phenolic Compounds
The phenolic profile was determined by LC-DAD-ESI/MSn (Dionex Ultimate 3000 UHPLC, Thermo Scientific, San Jose, CA, United States). These compounds were separated and identified using a method previously described (Bessada et al., 2016). The obtained extracts were redissolved at a concentration of 10 mg/ml with methanol: water (80:20, v/v) mixture. A double online detection was performed using a DAD (280, 330, and 370 nm as preferred wavelengths) and a mass spectrometer (MS). The MS detection was performed in negative mode, using a Linear Ion Trap LTQ XL mass spectrometer (Thermo Finnigan, San Jose, CA, United States) equipped with an ESI source.
The identification of the phenolic compounds was performed based on their chromatographic behavior and UV-Vis and mass spectra by comparison with standard compounds, when available, and data reported in the literature giving a tentative identification. Data acquisition was carried out with Xcalibur® data system (Thermo Finnigan, San Jose, CA, United States). For quantitative analysis, a calibration curve for each available phenolic standard was constructed based on the UV-Vis signal. For the identified phenolic compounds for which a commercial standard was not available, the quantification was performed through the calibration curve of the most similar available standard. The results were expressed as mg/g of extract.
Total Phenolic Content (TPC) and Total Flavonoid Content (TFC)
Samples redissolved in 70% ethanol with 5% DMSO at concentration of 1 mg/ml were evaluated using protocols previously described by Mocan et al. (2017). For TPC determination, samples (20 µL) were mixed with diluted Folin–Ciocalteu reagent (1:9, v/v) (100 µL) and shaken vigorously. After 3 min, Na2CO3 solution (1%) (80 µL) was added and the sample absorbance was read at 760 nm after 30 min incubation at room temperature. The total phenolic content was expressed as milligrams of gallic acid equivalents (mg GAE/g extract). In TFC assay, samples (100 µL) were mixed with 2% aluminum trichloride methanolic solution (100 µL). The sample absorbance was read at 415 nm after 10 min incubation at room temperature. Rutin was used as a reference standard and the total flavonoid content was expressed as milligrams of rutin equivalents (mg RE/g extract).
Preliminary Biochemical Assessment of Antioxidant Potential
Antioxidant Assays
The antioxidant potential of CSE and CSD was tested through three complementary methods (DPPH, ABTS, and FRAP), the protocols being previously described by Mocan et al. (2017), Babotă et al. (2018), and Rusu et al. (2018). Samples were redissolved in 70% ethanol with 5% DMSO obtaining 1 mg/ml concentration; these were further analyzed using a SPECTROstar® nano multi-detection microplate reader with 96-well plates (BMG Labtech, Ortenberg, Germany).
DPPH (1,1-diphenyl-2-picrylhydrazyl) radical scavenging assay: Samples (30 μL) were mixed with a 0.004% methanol solution of DPPH (270 μL). The absorbance was read at 517 nm after 30 min incubation at room temperature in the dark. DPPH radical scavenging activity was expressed as milligrams of Trolox equivalents (mg TE/g extract).
ABTS (2,2′-azino-bis(3-ethylbenzothiazoline)-6-sulfonic acid) radical scavenging assay: Briefly, ABTS+ was produced directly by reacting 7 mM ABTS solution with 2.45 mM potassium persulfate and allowing the mixture to stand for 12–16 in the dark at room temperature. Prior to beginning the assay, ABTS solution was diluted with methanol to an absorbance of 0.700 ± 0.02 at 734 nm. Samples (20 μL) were added to ABTS solution (10 mM and 200 μL) and mixed. The sample absorbance was read at 734 nm after 30 min incubation at room temperature. The ABTS radical scavenging activity was expressed as millimoles of Trolox equivalents (mmol TE/g extract).
FRAP (ferric reducing antioxidant power) activity assay: Samples (25 μL) were added to premixed FRAP reagent (175 μL) containing acetate buffer (0.3 M, pH 3.6); 2,4,6-tris(2-pyridyl)-s-triazine (TPTZ) (10 mM) in 40 mM HCl; and ferric chloride (20 mM) in a ratio of 10:1:1 (v/v/v). Then, the sample absorbance was read at 593 nm after 30 min incubation at room temperature. FRAP activity was expressed as milligrams of Trolox equivalents (mg TE/g extract).
Biological Activities Evaluation
Tyrosinase Inhibition
Sample solution (10 mg/ml, 25 μL) was mixed with tyrosinase solution (40 μL, Sigma) and phosphate buffer (100 μL, pH 6.8) in a 96-well microplate and incubated for 15 min at 25 °C. The reaction was then initiated with the addition of l-DOPA (40 μL, Sigma). Similarly, a blank was prepared by adding sample solution to all reaction reagents without enzyme (tyrosinase) solution. The sample and blank absorbances were read at 492 nm after 10 min incubation at 25 °C. The absorbance of the blank was subtracted from that of the sample and the tyrosinase inhibitory activity was expressed as inhibition percentage (IC50) (mg/ml), calculated for each sample and kojik acid (positive control) (Uysal et al., 2017).
In vivo Studies on Diuretic Effect
Animals: Forty-eight adult male Charles River Wistar rats (Crl:WI) with a medium weight of 151 ± 8 g were obtained from the Practical Skills and Experimental Medicine Center of the “Iuliu Haţieganu” University of Medicine and Pharmacy, Cluj-Napoca, Romania. The rats were housed in polycarbonate cages (Tecniplast, Italy) and maintained under standard conditions (22 ± 2 °C, a relative humidity of 45 ± 10%, and 12:12-h light: dark cycle). The animals had free access to standard pelleted food (Cantacuzino Institute, Bucharest, Romania) and filtered water throughout the experiment, except for the day when the test substances were administered. All experimental protocols were approved by the Ethics Committee of the University (Approval No. 168/April 7, 2017) and were conducted in accordance with the EU Directive 86/609/EEC, which regulates the use of laboratory animals for scientific research.
Diuretic and saluretic effects: Diuretic and saluretic effects of CSE and CSD were tested by a method using isotonic saline solution in order to achieve an optimal hydration (Kau et al., 1984). Eight groups of Crl:WI rats (n = 6) were used. The negative control group of rats was treated orally by gavage only with 25 ml/kg isotonic saline solution (Braun, Germany), while the positive control group was treated orally with 10 mg/kg furosemide (Zentiva, Romania), a reference diuretic drug dissolved also in a volume of 25 ml/kg isotonic saline solution. Three groups of rats were treated orally with 125, 250, and 500 mg/kg CSE dispersed in the same volume of 25 ml/kg isotonic saline solution, respectively, while other three groups of rats received also by oral route 125, 250, and 500 mg/kg CSD dispersed in 25 ml/kg isotonic saline solution.
After the substance administrations, rats were individually placed in metabolic cages. The urine output (ml) was recorded for each animal at two time intervals: 5 and 24 h after the administration of a single dose from the tested substances (Zhang et al., 2010). Diuretic action was calculated at 24 h as the ratio of urine output in test groups to urine output in negative control group. Diuretic activity was calculated at 24 h as the ratio of urine output in test groups to urine output of the positive control (reference) group.
Additionally, the saluretic effect of CSE and CSD was investigated. The urinary concentration of sodium and potassium ions (UNa and UK) was twice determined in the collected urine samples, 5 and 24 h after the substance administration, by a potentiometric method with selective electrodes, using a VITROS 250 Chemistry System automatic analyzer (Johnson and Johnson Clinical Diagnostic), being expressed in mEq/kg (Pǎltinean et al., 2017). Furthermore, at 24 h, blood samples were obtained from all animals by retro-orbital sinus puncture under ketamine/xylazine anesthesia and serum concentration of sodium ions (SNa) was determined by the same potentiometric method. Creatinine was spectrophotometrically determined in the serum and urine at 670 nm, with the VITROS 250 Chemistry System automatic analyzer, using a reaction which formed a triaryl imidazole leuco dye. Fractional excretion of sodium ions (FENa) was calculated with the formula
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where UNa is the urine concentration of sodium ions, SNa is the serum concentration of sodium ions, CRS is the serum concentration of creatinine, and CRU the urine concentration of creatinine (Păltinean et al., 2017).
Statistical Analysis
Data were expressed as mean values ± SD and were statistically analyzed by the one-way ANOVA method. The differences between the treated groups and the negative control group were evaluated by Dunnett’s t-test using GraphPad Prism six software (GraphPad Software, United States); p values <0.05 being considered statistically significant.
RESULTS AND DISCUSSION
Chemical Profile of the Extracts
Total Phenolic and Total Flavonoidic Content
Evaluation of TPC using the Folin–Ciocalteu method revealed a clear difference between the two extracts based on extraction parameters applied (Table 1). The 70% ethanol increased the extraction yield of phenolic compounds in CSE (TPC = 37.63 ± 2.75 mg GAE/g extract) by almost 50% in comparison with CSD (TPC = 19.11 ± 1.52 mg GAE/g extract). A similar trend was observed for TPC, the values obtained being 12.03 ± 0.72 mg QE/g extract for CSE and 5.34 ± 0.23 mg QE/g extract for CSD. Our results are in-line with those previously reported in other studies. The evaluation of TPC in a hydroalcoholic extract obtained after an optimized process by Demir et al. revealed that TPC value was 26.60 mg GAE/g extract (in comparison with predicted value, 26.1 mg GAE/g extract), optimal conditions being 35% (v/v) ethanol percentage, 79°C, and 119 min; for the same extract, the TFC value was 2.26 mg QE/g extract (Demir et al., 2020). On the other hand, aqueous extracts confirmed the presence of lower concentrations for both TPC and TFC - 24.31 ± 0.86 to 39.54 ± 2.10 μg GAE/mL, respectively, 15.67 ± 0.68 to 23.17 ± 1.23 μg CE (catechin equivalents)/mL for infusions (Peixoto et al., 2020). This can be correlated with low hydrophilicity of chemical components from CS and encourage the use of ethanol–water mixtures as extraction solvents in order to obtain phenolics-enriched extracts.
TABLE 1 | Total phenolic and flavonoid content, DPPH and ABTS scavenging capacity, and ferric reducing ability of plasma (FRAP) of the extracts of CSE and CSD (values expressed are means ± S.D. of three parallel measurements, p < 0.05).
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The solvents used and the extraction procedure play a significant role on the chemical profile of the extracts and their bioactive potential. In this regard, an LC-DAD/ESI–MS2 technique was employed to evaluate the phenolic compounds present in CSE and CSD. Data of the retention time, λmax, pseudomolecular ion, main fragment ions in MS2, and tentative identification of phenolic acid and flavonoid derivatives are presented in Table 2. Five major types of phenolic compounds were found in CSE and CSD: phenolic acids (p-coumaroyl (1, 5, and 6), caffeoyl (2, 3), and feruloyl 12) derivatives), flavanones (4, 7–9, 13–15, 18–20, and 24–27), flavones (10, 16, 21, and 22), flavanols (11), and flavonols (17 and 23).
TABLE 2 | Retention time (Rt), wavelengths of maximum absorption in the visible region (λmax), mass spectral data, tentative identification and quantification (mg/g of extract) of the phenolic compounds present in CSE and CSD.
[image: Table 2]With the exception of p-coumaroylquinic acid (compound 1), detected only in CSE−0.379 ± 0.004 mg/g, all phenolic acids were detected in both extracts, being found in higher concentrations in CSE than CSD. Compounds 1, 2, and 3 were identified as hydroxycinnamoyl derivatives, taking into account their fragmentation pattern and UV spectra at around λmax = 314–330 nm. Compounds 1 [(M–H)−at m/z of 337], 2, and 3 [(M–H)− at m/z of 353], all producing fragment ions with m/z 191, corresponding to the deprotonated quinic acid, so that they could be clearly identified as quinic acid derivatives containing a caffeic or coumaric acid units. Taking into account the following the hierarchal key developed by Clifford et al. (2003) and Clifford et al. (2006) for the identification of chlorogenic acid derivatives, these compounds were identified as 3-p-coumaroylquinic, 4-O-caffeoylquinic, and 5-O-caffeoylquinic acids. Compounds 5, 6 [(M–H)−at m/z of 325], and 12 [(M–H)− at m/z of 355] were identified as coumaric acid hexoside and ferulic acid hexoside, all indicating the losses of a hexosyl moieties (Bastos et al., 2015; Bessada et al., 2016). The presence of phenolic acids in cherry fruits hydroalcoholic extracts was previously confirmed by Bastos et al. (2015) and Demir et al. (2020); cis-p-coumaroylquinic acid (0.56 ± 0.01 mg/g) and trans-p-coumaroylquinic acid (0.23 ± 0.02 mg/g) were reported, the amounts being comparable with our results obtained for determination of 3-p-coumaroylquinic acid in CSE (0.379 ± 0.004 mg/g). As we mentioned, this compound was identified only in CSE, probably due to hydroalcoholic medium, emphasizing the importance of the solvent for a better recovery of bioactive compounds.
The group of flavanones comprises the most representative compounds identified in CSE and CSD. Compounds 13, 15, and 20, showed the same pseudomolecular ion [M–H]− at m/z 433, thus presented a different retention time, therefore, being tentatively identified as naringenin-O-hexoside isomers, despite that the position and nature of the sugar could not be identified for two of the isomers, thus compound 15 was assigned as naringenin-7-O-glucoside, which was quantified as the main component of CSE (4.57 ± 0.09 mg/g). Compound 4 [(M–H)− at m/z 401], was detected in trace amounts in CSE, being tentatively identified as naringenin-O-pentoside (releasing one fragment at m/z 269, loss of a pentosyl moiety – m/z 132 u). To the best of our knowledge, the presence of this compound in CS extracts was not previously reported. Peaks 7–9 and 14 were attributed to four isomers forms of aromadendrin-O-hexoside, based on the presence of the common fragment at m/z 317 (aromadendrin – H)¯. Aromadendrin derivatives have been previously evidenced in CS hydroethanolic and water extracts (Bastos et al., 2015). Compound 22 [(M–H)¯ at m/z 417] released a fragment at m/z 255 [(M–162)¯ corresponding to the loss of hexosyl moiety), being associated to a pinocembrin-7-O-glucoside. Compounds 24 and 27 [(M–H)¯ at m/z 447] revealed a fragmentation patter that match with either sakuranin (sakuranetin-5-O-glucoside) or dihydrowogonin-7-O-glucoside, thus it was possible to assume one of the identifications. Even though the flavanones were extracted preferentially in hydroalcoholic medium, it was observed that compounds 8, 9, and 19 were found in higher amounts in CSD than CSE.
Three isoflavones were detected, such as compounds 18 and 19, which both revealed similar characteristics and were tentatively assigned as genistein-O-hexoside. Nevertheless, taking into account previous findings (Bastos et al., 2015), compound 18 was identified as genistein-7-O-glucoside. Compound 25 [(M–H)¯m/z 445] revealed a molecular weight 15 u higher than compounds 19 and 18, so it was assumed that it might correspond to methylgenistein-O-hexoside.
The presence of several flavones was also confirmed in both types of extracts. Quercetin-3-O-rutinoside (rutin), quercetin-3-O-glucose, kaempferol-3-O-rhamnoside, isorhamnetin-3-O-rhamnoside, and kaempferol-3-O-glucoside were identified in comparison with the commercial standard. Among them, rutin (quercetin-3-O-rutinoside) was found as the major compound (1.01 ± 0.03 mg/g in CSE and 0.404 ± 0.003 mg/g in CSD). Kaempferol-3-O-rhamnoside could be quantified only in CSD, while kaempferol-3-O-glucoside was found in both extracts. The presence of kaempferol glycosides in CS extracts was also previously reported in similar studies (Bastos et al., 2015; Aires et al., 2017; Jesus et al., 2019; Nastić et al., 2020). Only one flavonol-type compound (peak 11) was found in the extracts; it released a fragment ion at m/z 303 [(taxifolin – H)¯; loss of a hexosyl moiety, −162 u), being tentatively identified as taxifolin-3-O-glucoside.
Overall, LC-DAD/ESI–MS2 analysis showed that the use of 70% ethanol as extraction solvent increased the extraction yield of phenolic compounds, CSE containing various types of phenolics in high amounts than CSD (Figure 1). The influence of extraction method and extraction solvent on phenolic compounds recovery from CS was previously studied by other authors. Nastić et al. showed that the use of dual solvent mixture can enhance the extraction efficiency, higher percentages of ethanol lead to a decrease in the extraction yield; it can be noticed that, in this study, CS extracts were obtained by pressurized liquid extraction (PLE) and supercritical fluid extraction (SFE) (Nastić et al., 2020). Aqueous extracts (infusion and decoction) represent a cheap and household alternative option to exploit the benefits of CS as source of phenolic compounds, based on ethnopharmacology recommendations.
[image: Figure 1]FIGURE 1 | Phenolic profile of CSE recorded at 280 nm (A) and 370 nm (B).
Preliminary Biochemical Assessment of Antioxidant Potential
Antioxidant Assays
The free radical scavenging activity of CSE and CSD was evaluated using the DPPH and ABTS radical scavenging assays. As shown in Table 1, the value of DPPH radical scavenging activity for CSE was 30.02 ± 0.58 mmol TE/g extract, while for CSD decreased at 14.32 ± 2.00 mmol TE/g extract; a similar trend was also observed in ABTS and FRAP assay (107.14 ± 1.43 mg TE/g extract for CSE and 55.65 ± 3.62 mg TE/g extract for CSD, respectively, 111.87 ± 4.14 mg TE/g extract for CSE and 61.07 ± 2.83 mg TE/g extract for CSD). These variations can be explained based on the major differences observed in total and individual phenolic compounds distribution in the extracts. It was previously reported that the presence of p-coumaric acid and the p-coumaroylquinic acid derivatives increased total antioxidant capacity of 70% methanolic extracts obtained from CS (tested through ABTS assay) (Aires et al., 2017). Moreover, a comparative evaluation of DPPH scavenging activity and ferric reducing ability between infusion, decoction, and hydroalcoholic extract of CS confirmed the highest antioxidant potential for the last one correlated to the higher phenolic compounds concentration found in this type of extract (Bastos et al., 2015). A significant amount of experimental data indicate that oxidative stress may contribute not only to preexisting diseases like atherosclerosis or hypertension but it may also generate oxidative damage to renal tubular cells, reducing kidney functionality (Dennis and Witting, 2017) Thus, a potential antioxidant activity could have nephroprotective effects contributing to a normal renal homeostasis, but additional studies are necessary to clarify this relation.
Biological Activities Evaluation
Tyrosinase Inhibitory Capacity
Tyrosinase is a copper-containing enzyme responsible for the oxidation of tyrosine to l-DOPA and the hydroxylation of l-tyrosine, with an important role in melanin synthesis (a pigment that regulates skin color and plays a protective role by absorbing ultraviolet sunlight and removing reactive oxygen species from the skin), also responsible for browning of damaged fruits and vegetables (Rusu et al., 2018). Recent studies confirmed the link between tyrosinase inhibition and positive effects in several degenerative diseases (i.e., Parkinson), proving the importance of tyrosinase inhibitors as neuroprotective agents (Hubert et al., 2016; Tan et al., 2016). In vitro evaluations shown that tyrosinase can interfere with the activity of bradykinin and vasopressin, two hormones that modulate diuresis and blood pressure through renin–angiotensin–aldosteron system (RAAS) in a pH-dependent manner (BISSET, 1962).
In this regard, the evaluation of tyrosinase inhibitory capacity of CS extracts (Table 3) revealed a superior potency for CSD (IC50 = 3.03 ± 0.35 mg/ml) in comparison with CSE (IC50 = 8.66 ± 1.23 mg/ml). The obtained results cannot be correlated with the presence of phenolic compounds in the extracts, but preliminary explains that some polar and hydrophilic secondary metabolites from CS could exert a strong tyrosinase inhibitory potential. It was previously reported that cherry juice (Cásedas et al., 2016) and cherry tree bark extracts (Hubert et al., 2016) have a moderate inhibitory activity on tyrosinase. To the best of our knowledge, we evaluated for the first time tyrosinase inhibitory potential of CS extracts; our results represent a start point for further assessments of chemical composition of aqueous extracts obtained from CS and encourage supplementary evaluation of the molecular mechanisms responsible for anti-tyrosinase properties of CS.
TABLE 3 | Enzyme inhibitory effects of the extracts of CSE and CSD (values expressed are mean ± S.D. of three parallel measurements, p < 0.05).
[image: Table 3]Diuretic Effect
As shown in Figure 2, the cherry stems extract (CSE) and cherry stems decoction (CSD) produced a dose-dependent gradual increase of the urine output, the effect being more intense at 24 h. Cherry stems decoction (CSD) at 500 mg/kg produced the most intense diuretic effect with a urine output of 6.5 ± 0.35 ml at 24 h. The reference loop diuretic, furosemide, augmented the urine output from the first hours after the oral administration, the effect increasing sharply at 5 h (7.38 ± 0.36 ml), then reaching a plateau (7.96 ± 0.37 ml), typical for a high ceiling diuretic drug. The diuretic effect of cherry stems extract (CSE) and cherry stems decoction (CSD), although inferior to furosemide, was more gradually installed, which can be of importance in a series of chronic cardiovascular diseases where a rapid diuretic effect is not desirable.
[image: Figure 2]FIGURE 2 | Effect of the cherry stems extract (CSE) and cherry stems decoction (CSD) on urine output recorded at 5 and 24 h in saline-loaded Crl:WI rats (*p < 0.05 vs. saline control).
As shown in Table 4, the administration of cherry stems extract (CSE) and cherry stems decoction (CSD) increased the diuresis at 24 h in a dose-dependent manner. Rats treated with CSE showed a statistically significant increase of urine output at 250 and 500 mg/kg, while rats treated with CSD showed statistically significant results for all the three doses. The diuretic action ranged from 1.09 to 1.45 for the animals treated with CSE and from 1.26 to 1.56 for the animals treated with CSD. The strongest diuretic activity was observed in the animals treated with CSD at 500 mg/kg, which showed 81% from the activity of furosemide, the reference diuretic drug. Also, the cherry stems extract (CSE) and cherry stems decoction (CSD) increased the urinary excretion of Na+ and K+ ions (UNa, UK), the main cationic electrolytes from the urine. As shown in Table 5 the urinary excretion of the aforementioned electrolytes produced by CSE and CSD was superior to the negative control group, and presented a similar pattern with the diuretic effect, being more intense in the 5–24 h time interval.
TABLE 4 | Parameters of the diuretic effect in saline-loaded Crl:WI rats treated with cherry stems extract (CSE) and cherry stems decoction (CSD). Values of urine output are expressed as Mean ± SD (n = 6).
[image: Table 4]TABLE 5 | Effect of the cherry stems extract (CSE) and cherry stems decoction (CSD) on urinary excretion of sodium (UNa) and potassium (UK) 5 and 24 h after the substance administration, fractional excretion of sodium (FENa), and the ration Na/K in saline loaded Crl:WI rats.
[image: Table 5]The most significant excretion of the tested electrolytes was produced by the 500 mg/kg dose of CSD with UNa and UK values of 3.84 ± 0.64 and 2.71 ± 0.32 mEq/kg, 24 h after the substance administration. The calculated Na+/K+ ratio for CSE and CSD treated groups did not show values above 10 at any moment of determination, thus indicating a lack of a potassium-sparing effect, similar with furosemide. On the contrary, both CSE and CSD produced a clear kaliuretic effect. In our experiment, the fractional excretion of sodium ions (FENa), defined as the percentage of sodium ions filtered by the kidneys and not reabsorbed, was calculated at 24 h. The fractional excretion of sodium ions (FENa) is a valuable parameter which can provide additional information on the tubular function, although the glomerular filtration rate and daily intake of sodium could also influence its values (Schreuder et al., 2017). As expected, the experiment showed a net increase of FENa (6.81%) for the reference diuretic drug furosemide, which specifically inhibits the sodium–potassium–chloride symporter in the thick ascending limb of the loop of Henle, and a moderate increase of FENa (2.14–2.42 and 3.72–4.58%) for CSE and CSD at doses of 250 and 500 mg/kg, also suggesting a tubular mechanism of action responsible for the diuretic effect of the tested cherry stems preparations.
The diuretic activity of powdered cherry stems (administered as capsules at an equivalent dose of 2.0 g of the plant per person) was previously evaluated in healthy human subjects, urinary volume, urinary electrolyte concentration (sodium, potassium, chloride, and calcium), and the osmolality being monitored (Hooman et al., 2009). The study revealed a mild diuretic effect for CS and a slight increase for urinary excretion of calcium, sodium, and chloride, concluding that the drug can be used as diuretic agent, but with precautious in those patients, and also in patients having any disorders associated with calcium, sodium, and/or chloride deficiency (especially in those with urolithiasis because of rising calcium excretion). A comparison between those results and our experimentally output regarding diuretic activity of CS reveals a similar trend for both type of tested CS-derived products. Our study represents the first report about diuretic and saluretic activity of the extracts obtained from CS and correlates this potential with the presence of phenolic secondary metabolites as main constituents of both hydroalcoholic and aqueous preparations.
CONCLUSION
Based on ethnopharmacological evidence, cherry stems (CS) preparations (hydroalcoholic extract and decoction) were evaluated for their phenolic profile and several bioactivities. Overall, the presence of phenolic secondary metabolites was confirmed in both extracts, the highest concentrations being found in hydroalcoholic extract. Flavonoids were the main type of phenolic compounds identified in the extracts, naringenin derivatives being quantified in high amounts. Hydroalcoholic extract exerted an important antioxidant activity, while tyrosinase inhibitory potential and diuretic activity were superior for decoction.
Our findings suggest that cherry stems are a valuable and less exploited by-product rich in phenolic secondary metabolites, with potential applications as a mild and safe diuretic agent. Even through traditional medicine recommends the use of aqueous preparations obtained from CS as adjuvant therapy in urinary tract disorders, hydroalcoholic extracts could represent an improved alternative, showing a similar diuretic potential. Nevertheless, future investigations need to be performed in order to elucidate the intimate mechanisms responsible for CS pharmacological potential.
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Background: Polyherbal mixtures called “medical species” are part of traditional and officinal medicine in Russia. This review aimed to analyze medical species used in Russia for the treatment of diabetes and related disorders. The information relevant to medical species, diabetes, and obesity was collected from local libraries, the online service E-library.ru, and Google Scholar. The prediction of the antidiabetic activity for the principal compounds identified in plants was performed using the free web resource PASS Online.
Results: We collected and analyzed information about the compositions, specificities of use, and posology of 227 medical species. The medical species represent mixtures of 2–15 plants, while the most frequently mentioned in the literature are species comprising 3–6 plants. The top 10 plants among the 158 mentioned in the literature include Vaccinium myrtillus L., Phaseolus vulgaris L., Taraxacum campylodes G.E. Haglund., Urtica dioica L., Rosa spp., Hypericum spp., Galega officinalis L., Mentha × piperita L., Arctium spp, and Fragaria vesca L. The leading binary combination found in medical species comprises the leaves of V. myrtillus and pericarp of P. vulgaris; leaves of V. myrtillus and leaves of U. dioica; and leaves of V. myrtillus and aerial parts of G. officinalis. In triple combinations, in addition to the above-mentioned components, the roots of T. campylodes are often used. These combinations can be regarded as basic mixtures. Other plants are added to improve the efficacy, treat associated disorders, improve gastrointestinal function, prevent allergic reactions, etc. Meanwhile, an increase in plants in the mixture necessitates advanced techniques for quality control. A feature of medical species in Russia is the addition of fresh juices, birch sap, seaweeds, and adaptogenic plants. Modern studies of the mechanisms of action and predicted activities of the principal compounds from medicinal plants support the rationality of polyherbal mixtures. Nevertheless, the mechanisms are not well studied and reported due to the limited number of compounds. Further investigations with calculations of synergistic or additive indices are important for strengthening the scientific fundamentals for the wider use of medical species in the therapy of diabetes. Two medical species, “Arfazetin” (7 medicinal plants) and “Myrphasinum” (12 medicinal plants), are approved for use in officinal medicine. The efficacy of these species was confirmed in several in vivo experiments and clinical trials. According to modern regulatory rules, additional experiments and clinical trials are required for more detailed investigations of the mechanisms of action and confirmation of efficacy.
Conclusion: We believe that the scientifically based utilization of rich plant resources and knowledge of Russian herbal medicine can significantly contribute to the local economy as well as to the sectors seeking natural healing products.
Keywords: polyherbal mixture, herbal medicine, obesity, blood glucose, binary combination, triple combination, mechanisms of activity, synergy
INTRODUCTION
Disorders of carbohydrate and lipid metabolism predispose individuals to diseases of the endocrine system, particularly diabetes. The rapid increase in patients with diabetes is one of the gravest and fastest-growing public health problems in the world. About 463 million people currently suffer from diabetes globally (IDF, 2019), of whom over 60 million were in European countries (Timmis et al., 2020), 34.2 million in the US (Centers for Disease Control and Prevention, 2020), and 4.5 million in Russia in 2017 (Dedov et al., 2018).
The mean cost of the development of a new drug from concept to market is considered to range from $314 million to $2.8 billion (Wouters et al., 2020). According to recent literature data, 50–70% of all the small-molecule therapeutics in clinical use today trace their origins to natural products (Newman and Cragg, 2020). Medicines derived from natural sources exhibit greater ranges of structural and physicochemical features that have been tailored through evolution for selective binding to functional macromolecules of the human body (Stratton et al., 2015). The intensive exploration of natural resources and utilization of the knowledge of traditional medicine provides an opportunity to reduce the time needed for development and keep costs reasonably low.
About four billion people around the world believe that, as “natural” products, herbal medicinal products (HMP) are “safe” or “safer” than conventional drugs and have turned to phytotherapeutics (Ekor, 2014). For centuries, Russia has been regarded a “herbophilious” society in which plants have been used as one of the primary foods and for the treatment of different diseases (Shikov et al., 2017). It is estimated that 58–60% of the population of Russia relies on HMP for the prophylaxis or treatment of different diseases (Shikov et al., 2011; Sammons et al., 2016). HMP currently makes up 20% of the Russian market for drugs (Akamova et al., 2017).
Medicinal plants have been effectively used for the treatment of diabetes in different systems of traditional as well as officinal medicine (Anzar, 2013; Shikov et al., 2014; Suzuki et al., 2017; Xiao and Luo, 2018; Okovitiy et al., 2018; Skalli et al., 2019; Salehi et al., 2019). The philosophy “one disease, one target, one drug” oversimplifies the mechanisms of disease and is becoming increasingly inefficient (Ulrich-Merzenich, 2014; Panossian et al., 2018; Shikov et al., 2018). Due to its multifactorial etiology, the holistic treatment of diabetes requires multi-pathway understanding and multi-targeting approaches. Modern network pharmacology studies emphasize the importance of the network-targeting, multicomponent therapy used in traditional Indian systems of medicine (Mukherjee et al., 2018; Banerjee et al., 2019), traditional Chinese medicine (Li et al., 2014; Xue et al., 2019), Kampo (Suzuki et al., 2017), etc.
Multicomponent or polyherbal mixtures for the treatment of diabetes are presented in different systems of Eastern traditional medicine (Namdul et al., 2001; Sato, 2004; Tong et al., 2012; Malgaonkar et al., 2016; Ghadge and Kuvalekar, 2017; Suzuki et al., 2017; Xu et al., 2019) as well as in European herbal medicine (Madić et al., 2021). Such traditional formulations include carefully selected leaves, stems, flowers, roots, seeds, sometimes minerals, and animal products. The main goal of complicated mixtures is to increase therapeutic efficacy and minimize toxicity.
Russian herbal medicine has adopted Eastern philosophy and a Western pragmatic approach. Herbal medicine in Russia is part of officinal medicine. According to the 14th edition of the State Pharmacopoeia of the Russian Federation, which became effective in 2018, an HMP has been defined as “a medicinal product manufactured or prepared from one kind of medicinal plant material or several kinds of raw materials and marketed in consumer-ready packaging form” (The State Pharmacopoeia of Russian Federation, 2018). The general monograph (OFS.1.4.1.0020.15) is devoted to polyherbal mixtures, which are defined with the specific term “medical species”. A “medical species” is a formulation representing a mixture of two or more types of integral, cut, or powdered medicinal plant materials, sometimes with the addition of mineral, synthetic, plant, or animal-derived substances. Medical species are used for the preparation of aqueous decoctions/infusions, occasionally in pure form as powders, powders for insufflation or ingestion, etc. (The State Pharmacopoeia of Russian Federation, 2018). Medical species have been known in Russia for centuries and were documented in the first herbalist manuscripts (Zmeev, 1896; Shikov et al., 2021). Apparently, due to their efficacy, the medical species were adopted from traditional medicine in officinal and were monographed in the first Russian military field “Pharmacopoeia Castrensis Rossica., 1765”. Thereafter, medical species were embodied in all the following pharmacopoeias of Russia.
The polyherbal mixtures used in Eastern systems of traditional medicine have gained global popularity, and several new medicinal products are being marketed in different countries. However, the potential of the medical species used in Russia remains little known and underestimated. This review aimed to analyze the medical species used in Russia for the treatment of diabetes and related disorders and enable a better understanding of the rationality of plant combinations.
Information on medical species was collected from the Pharmacopoeias of Russia (I–VI editions), Pharmacopoeias of USSR (VII–XI editions), and online State Register of Medicinal Preparations of the Russian Federation (2021). Guided by the keywords “traditional medicine + diabetes”, “phytotherapy + diabetes”, “traditional medicine + obesity”, and “phytotherapy + obesity”, we systematically searched the literature in library catalogs, on the online service E-library.ru, and on Google Scholar. Next, the publications were screened using the keyword combination “medical species”. Through this approach, 75 medical (herbalist) books were found. Some medical species were mentioned in different books. We provide several references for the same medical species in Table 1.
TABLE 1 | The list of medical species used for the management of diabetes and related disorders in Russia.
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For centuries, medicinal plants have been used in Russia for the management of diabetes and related disorders (Zmeev, 1896; Turova and Sapozhnikova, 1989; Minaeva, 1991; Protasenya and Vasilenko, 1992; Nazina, 2007; Chekina et al., 2010; Korsun et al., 2016; Povydysh et al., 2018). The focus of the current paper is on medical species used for the therapy of diabetes and related diseases in traditional and officinal Russian medicine.
The Characteristics of the Composition of Medical Species, Their Preparation and Posology
We collected information about the composition, specificity of preparation, and posology of 227 species (Table 1). The majority of the species (148) are suggested for the treatment of diabetes; 37 species are recommended for the management of obesity, and eight species are indicated for lowering blood glucose. Several species are recommended for specific cases when diabetes is accompanied by impotence in men (5 species), diabetes accompanied by liver and gallbladder diseases (3 species), diabetes accompanied by gastritis (2 species), etc. Altogether, 158 plants are mentioned in medical species, among which 96 medicinal plants are monographed in the State Pharmacopoeia of the Russian Federation and used in officinal medicine (Shikov et al., 2021). A significant proportion of the plants used in medical species are native to Russian flora.
Medical species represent mixtures of 2–15 plants. The most frequently mentioned in the literature are medical species comprising mixtures of four plants (66 species), followed by mixtures of five plants (47 species), three plants (28 species), and six plants (24 species) (Figure 1). According to some experts’ opinions, the industrial-scale production of polyherbal mixtures with more than 10 medicinal plants is not rational (Kiseleva and Chauzova, 1999). Indeed, only 18 species among the 227 described contain over 10 plants (Figure 1). However, the numbers of plants in polyherbal mixtures in Ayurveda (Parasuraman et al., 2014), Kampo (Arai et al., 2020), and traditional Chinese medicine (Xutian et al., 2014) are not limited to 10. On the other hand, the species “Myrphasinum”, approved as officinal medicine in Russia, includes 12 plants (Table 1). Although the idea of combining so many plants in one mixture is part of traditional medicine, the quality control of medical species becomes more complicated with each additional component due to challenges related to the specificity of each plant.
[image: Figure 1]FIGURE 1 | Number of medical species according to the number of plants in the formulation.
Medical species are prepared predominantly in form of infusions or decoctions. Infusions are common for soft plant parts such as aerial parts, leaves, and flowers. Decoctions are preferred for more hard barks, fruits, and roots. The recommended single doses vary from a tablespoon up to 200 ml and depend on the pharmacological activity of the plants in the mixture.
The Plants Most Frequently Used in Medical Species
The top 10 plants in medical species used for the therapy of diabetes and related disorders (Table 1) include Vaccinium myrtillus L. (leaves in 97, shoots in 11, and fruits in 5 species), Phaseolus vulgaris L. (pericarp in 65 species), Taraxacum campylodes G.E. Haglund. (syn. Taraxacum officinale Wigg) (roots in 49 and leaves in 15 species), Urtica dioica L. (leaves in 49 and roots in 1 species), Rosa spp. (fruits in 44 species), Hypericum spp. (aerial parts in 37 and flowers in 6 species), Galega officinalis L. (aerial parts in 41 species and seeds in one species), Mentha × piperita L. (leaves in 29 and aerial parts in 11 species), Arctium spp. (roots in 34 and leaves in 2 species), and Fragaria vesca L. (leaves in 26, aerial parts in 5, and roots in 1 species). Although the main plant parts used in species are the same as those recorded in the State Pharmacopoeia of the Russian Federation, multiple parts of some plants are utilized. Particularly, aerial parts, fruits, and roots (Petroselinum crispum (Mill.) Fuss); leaves, flowers, and roots (Sambucus nigra L.); and roots and leaves (Cichorium intybus L., Rubus caesius L., and Arctium spp.) have been used.
The Popular Combinations of Medicinal Plants and Rationality for Combination
It is believed that, in medical species, several herbs work together harmoniously to achieve an ideal therapeutic effect. Modern studies on the mechanisms of activities of individual plant extracts support the rationality of empirically composed polyherbal mixtures in traditional medicine. Furthermore, we discuss the most frequent combinations of plants used in medical species in light of their mechanisms of action. The most frequently mentioned binary combinations of plants in medical species used for the treatment of diabetes are specified in Table 2.
TABLE 2 | The most frequently mentioned binary combination of plants in medical species used for the treatment of diabetes.
[image: Table 2]The leading binary combination noted in medical species (Table 2) comprises the leaves of Vaccinium myrtillus L. and pericarp of Phaseolus vulgaris L. (quoted in 40 medical species). The leaves of Vaccinium myrtillus were widely used in Europe for the treatment of diabetes for a long time before the discovery of insulin (Helmstädter and Schuster, 2010). The extract was considered a potent inhibitor of α-glucosidase, with an IC50 value not statistically significantly different from the IC50 of acarbose (Bljajić et al., 2017), and to decrease blood glucose (Cignarella et al., 1996) and glycated hemoglobin (Sidorova et al., 2017). An extract from the pericarp of Phaseolus vulgaris L. significantly decreases the levels of plasma triacylglycerol and low-density lipoprotein in the blood (Pari and Venkateswaran, 2004; Sidorova et al., 2017), lowers blood glucose and cholesterol in the blood, and inhibits α-amylase activity (Micheli et al., 2019). The normalization of lipid profiles and systemic antioxidant effects are also attributed to this plant by other scientists (Venkateswaran et al., 2002; Helmstädter, 2010; Almuaigel et al., 2017).
The next most popular binary combination includes leaves of Vaccinium myrtillus L. and leaves of Urtica dioica L. (noted in 26 medical species). In addition to Vaccinium myrtillus L., the extract from the leaves of Urtica dioica L. reduces glycemia, potentiates the activity of insulin, enhances the utilization of glucose (El Haouari and Rosado, 2019), protects pancreatic β-cells (Golalipour and Khori, 2007), inhibits intestinal glucose absorption (Bnouham, et al., 2003), and shows total cholesterol-lowering activity (Avci et al., 2006). Eight weeks of treatment of patients with type 2 diabetes with Urtica dioica extract resulted in reductions in plasma glucose, triglycerides, and liver serum glutamic-pyruvic transaminase. Meanwhile, NO and superoxide markedly increased (Behzadi et al., 2016).
The combination of the leaves of Vaccinium myrtillus L. and aerial parts of Galega officinalis L. is described for 22 medical species. Complimentarily to Vaccinium myrtillus L., the extract from Galega officinalis L. reduces blood glucose, promotes the recovery of pancreatic β-cells (Sabeva et al., 2004; Shojaee et al., 2015), increases insulin-stimulated glucose uptake, activates peroxisome proliferator-activated receptor (PPARγ) (Christensen et al., 2009), normalizes neutrophils, reduces lymphoblast numbers, and inhibits the apoptosis of lymphocytes, which prevents the development and progression of diabetic complications (Nagalievska et al., 2018). Galega officinalis L. is a world-renowned herbal lineage containing metformin (Bailey, 2017). It should be noted that the efficacy of the binary combination of extracts of Vaccinium myrtillus L. and Galega officinalis L. was confirmed in vivo. A dry extract of this combination (50 mg/kg) was intragastrically administered to rats with streptozotocin (STZ)-induced diabetes. After 21 days of treatment, histological examination evidenced the recovery of degenerative and focal necrobiotic changes in the parenchymatous structures of the liver and kidneys and their blood flow caused by STZ (Kurylo et al., 2018). In another study, the same combination of extracts was administered intragastrically to rats with STZ-induced diabetes for 28 days. After 7 days of treatment, blood glucose was decreased by 69% compared with control, while after 28 days of treatment, blood glucose was decreased by 25% compared with control. A positive effect of the combination was also observed in the oral glucose tolerance test (OGTT) (Kurylo et al., 2020). The rationality of the Vaccinium myrtillus L. and Galega officinalis L. combination was confirmed in a number of experiments by Achilov (2020). A screening study of the individual extracts (Vaccinium myrtillus L. (50 mg/kg) and Galega officinalis L. (70 mg/kg)) and a combination at 50 mg/kg showed that, in OGTT in rats, the combination of the extracts decreased glucose more effectively than the individual extracts. The strongest effect was observed at 60 min. Studies on models of epinephrine-induced hyperglycemia in rats, alloxan-induced diabetes in rats, and dithizone-induced diabetes in rabbits showed hypoglycemic activity of the combined extract at 60 mg/kg (Achilov, 2020). Roots of Taraxacum campylodes G.E. Haglund. in combination with the leaves of Vaccinium myrtillus L. are contained in 21 medical species; the former in combination with the leaves of Urtica dioica L. are used in 19 medical species, and the same in combination with the pericarp of Phaseolus vulgaris L. are used in 19 medical species (Table 2). The leaves of Taraxacum campylodes G.E. Haglund. are also used in binary combinations with the leaves of Vaccinium myrtillus L. and leaves of Urtica dioica L. The Taraxacum campylodes G.E. Haglund. root extract inhibits adipogenesis, regulates lipid metabolism by inhibiting fat accumulation, increases lipolysis, and normalizes cholesterol and triglyceride levels (García-Carrasco et al., 2015). The leaf extract inhibited pancreatic lipase in vitro and in vivo, reduced triglyceride levels in the plasma of mice (Zhang et al., 2008), and stimulated the release of insulin in pancreatic β-cells (Hussain et al., 2004).
All the other binary combinations are used in fewer than 10% of the medical species discussed in this review. Therefore, we summarize the mechanisms of activities of the other plants cited in Table 2 separately in Table 3. The above-mentioned literature data suggest that binary combinations provide additive/synergistic effects.
TABLE 3 | Complimentary mechanisms of most often used medicinal plants in binary combination in medical species used for the treatment of diabetes.
[image: Table 3]Notably, the binary combinations of the leaves of Vaccinium myrtillus L. and pericarp of Phaseolus vulgaris L.; leaves of Vaccinium myrtillus L. and roots of Arctium spp.; and roots of Taraxacum campylodes G.E. Haglund. and leaves of Mentha × piperita L. occur as self-sufficient medical species (Table 1).
Deeper analysis of all the medical species allowed us to identify leading ternary plant combinations, which are presented in Figure 2. It is not surprising that the leaves of Vaccinium myrtillus L., pericarp of Phaseolus vulgaris L., roots of Taraxacum campylodes G.E. Haglund., leaves of Urtica dioica L., and aerial parts of Galega officinalis L. are principal members of the ternary combinations.
[image: Figure 2]FIGURE 2 | Leading ternary plant combinations in medical species. a.p.—aerial part; the numbers inside triangles indicate how often these ternary combinations occur in medical species.
In Silico Probability of Antidiabetic Activity for Principal Compounds Identified in Selected Plants
The progress in computer science in symbiosis with modern pharmacology has led to the active implementation of computer-based prognosis for the activity of herb-derived compounds. Using an in silico approach, we analyzed the probability of antidiabetic activity for the principal compounds identified in the plants most often mentioned in binary and ternary combinations.
The prediction was performed using the free web resource PASS Online (Prediction of Activity Spectra for Substances). The prediction is based on an analysis of the structure and biological activity relationships for more than 300,000 organic compounds (Filimonov et al., 2014). Table 4 includes the prediction results for the antidiabetic efficacy of active compounds from selected medicinal plants with appropriate probability values: the likelihood of the given activity being revealed (Pa) or not revealed (Pi). If Pa>0.5, the substance is very likely to exhibit the activity (Lagunin et al., 2000).
TABLE 4 | The active compounds from medicinal plants most often used in combinations in medical species and probability of predicted antidiabetic mechanisms assitiated with these compounds.
[image: Table 4]The predicted Pa values for the active compounds identified in the most frequently used combinations of plants in medical species were over 0.5 and ranged from 0.619 for compounds from Fragaria vesca L. up to 0.976 for compounds from Hypericum perforatum L. (Table 4). The highest Pa values were found for compounds derived from Urtica dioica L., Hypericum perforatum L., Vaccinium myrtillus L., Fragaria vesca L., Linum usitatissimum L., and Vaccinium vitis-idaea L. (Pa>0.9). The diagram in Figure 3 demonstrates crosslinks between medicinal plants with a high probability of predicted antidiabetic effects (Table 4) used in medical species.
[image: Figure 3]FIGURE 3 | The combinations of the medicinal plants with a high probability of antidiabetic effects in medical species. The plant abbreviations are presented in Table 4.
The calculated data support the rationality of the traditional use of medical species for the treatment of diabetes and its complications. Nevertheless, the chemical principles responsible for the observed effects are rarely studied. Except for the success story of metformin derived from Galega officinalis L., no other compounds are on the market. Systematic studies of the combinatory action of different plant decoctions/infusions, as well as plant-derived compounds, are needed.
Specificity of Medical Species Used in Russia
Several plants used in Russian traditional medicines for the treatment of diabetes and its complications are widely known in other countries. The leaves of Urtica dioica L., pericarp of Phaseolus vulgaris L., leaves of Vaccinium myrtillus L., and leaves and roots of Taraxacum campylodes G.E. Haglund. are among the most frequently used components for the management of diabetes by herbalists in Croatia (Končić and Bljajić, 2019). Phaseolus vulgaris is a well-known antidiabetic plant in the Ayurveda and Unani medicine systems (Ganesan and Xu, 2017). It is widely used in medicine in Poland (Łabuda et al., 2017). The antidiabetic potential of Urtica dioica is well documented in Arabic traditional medicine (Said et al., 2008). Galega officinalis L. has been used for the treatment of diabetes in Bulgaria (Petkov, 1982), Italy (Leporatti and Ivancheva, 2003), and Iran (Nowbandegani et al., 2015).
Unlike in other systems of medicine, the juices of some plants (the berries of Viburnum opulus L., Solanum tuberosum L., and Daucus sativus Roehl. and birch sap) have been used for preparing some medical species. Interestingly, eleven medical species contain seaweeds (Cystoseira barbata (Stackh.) C. Agardh; Saccharina latissima (L.) C.E.Lane, C.Mayes, Druehl & G.W.Saunders; Fucus vesiculosus L.), and one species contains lichen (Cetraria islandica L.). It is noteworthy that several adaptogenic plants have been used in medical species. Besides the common properties of promoting the adaptability, resilience, and survival of living organisms under stress (Panossian et al., 2021), each adaptogen has some specific activity. In particular, Oplopanax elatus (Nakai) Nakai lowered blood glucose and increased insulin levels in vivo (Molokovskii et al., 2002). Glucose- and cholesterol-lowering effects, decreased glycosuria, and increased insulin levels were observed in diabetic patients after complex therapy with Oplopanax elatus (Nakai) Nakai (Klimakova and Kazmanm, 1962). Aralia elata (Miq.) Seem decreases blood glucose, inhibits insulin resistance, alleviates hyperlipidemia in vivo (Hwang et al., 2015), and improves blood glucose and lipid metabolism in humans (Abidov et al., 2006). The activity could be associated with aralosides (Pa, 0.639–0.969, Table 4). Eleutherococcus senticosus (Rupr. et Maxim.) Maxim. and its active compounds lowered blood glucose, increased glycogen levels, ameliorated insulin resistance, and increased insulin levels in vivo (Molokovskii et al., 2002; Niu et al., 2008; Ahn et al., 2013). The activity is associated with syringing and eleutheroside E (Pa, 0.684 and 0.887; Table 4). These adaptogens are not only used in medical species in traditional medicine but are included in the officinal medical species “Arfazetin” (Table 1).
Principles for Compilation of Medical Species
Due to the specific location of Russia, Russian herbal medicine has adopted the philosophy of Eastern traditional medicine and the pragmatic approach of Western medicine. One of the main principles for the compilation of the formulas used in traditional Chinese medicine is described in Shen-nong Ben-Cao Jing. An effective formula should be based on a strong monarch, accompanied by a minister, assistant, and guide, which mimics a well-organized society (Xin et al., 2014; Xutian et al., 2014). However, this principle is difficult to follow in practice, due to the multiple symptoms of diseases and polyfunctionality of medicinal plants. Therefore, many formulas of TCM contain secrets that are not always explained by rationality (Wang et al., 2021).
The philosophy and conceptualization for the compilation of medical species in Russian medicine are not well described. After a comprehensive medical examination of a patient, a Russian phytotherapeutic doctor initially prescribes a basic medical species, which includes the plants that lower blood glucose. The binary and triple combinations emphasized in this review can be regarded as basic mixtures. Diabetes is often accompanied by obesity. Therefore, the basic mixture is fortified with plants reducing hypercholesterolemia. In the case of hypertension, the species include anti-hypertensive plants. The practical doctors also take into account the peculiarities of the gastrointestinal tracts of the patients. In this respect, medical species can include plants with astringent or laxative properties. To prevent allergic reactions, doctors recommend taking a basic mixture for a week and then continuously increasing the number of plants in the medical species one by one. Plants with antiallergic properties are sometimes included in the mixtures (Kovaleva, 1972; Ladynina and Morozova, 1987; Ladynina and Morozova, 1990).
This approach could be illustrated by the following medical species frequently cited in the literature. The species 4.39 (Table 1) includes a synergistic combination of Vaccinium myrtillus L. and Galega officinalis L., which effectively decreases glucose levels (Achilov, 2020; Kurylo et al., 2020). These basic plants have antidiabetic properties. Frangula alnus Mill. acts as a laxative, and Betula pendula Roth. acts as a diuretic (Belodubrovskaya et al., 2004). Another species, 4.40 (Table 1), besides the synergistic combination of Vaccinium myrtillus L. and Galega officinalis L., includes Phaseolus vulgaris L., which reduces plasma triacylglycerol and low-density lipoprotein, and lowers blood glucose and cholesterol (Pari and Venkateswaran, 2004; Sidorova et al., 2017; Micheli et al., 2019). These basic plants ensure the antidiabetic effect, while Mentha × piperita L. additionally provides anti-hypertensive, antiallergic, and spasmolytic effects (Mahendran and Rahman, 2020). The species 5.10 (Table 1) comprises 5 plants. The power of the basic mixture of the synergistic combination of Vaccinium myrtillus L. and Galega officinalis L. and Phaseolus vulgaris L. is reinforced by Taraxacum campylodes G.E. Haglund., which inhibits adipogenesis and fat accumulation (García-Carrasco et al., 2015). Additionally, Urtica dioica L. potentiates the activity of insulin and enhances the utilization of glucose (El Haouari and Rosado, 2019). We understand that the interpretation of the rationality of the above-mentioned medical species compilation took into account the results of modern research. Apparently, the architects of the discussed medical species compiled them according to their own experience and knowledge. Similar to the TCM formulas, some Russian medical species also have secrets that are yet to be deciphered. Nevertheless, the knowledge and practical experience of Russian traditional medicine were successfully utilized for the development of medical species used in officinal medicine.
Medical Species Used in Russian Officinal Medicine
In Russia, medical species are part of officinal medicine. Although medical species are available as OTC products, consultations with phytotherapeutic doctors are helpful and will lead to more effective results. Among the 227 medical species discussed in this review, only two, “Arfazetin” and “Myrphasinum”, are approved for use in officinal medicine. Both species are recommended in the mild form of diabetes. The medical species “Arfazetin” was developed in the All-Union Institute of Medicinal and Aromatic Plants and was approved for medicinal use in 1986 (Ferubko et al., 2016). “Arfazetin” comprises seven medicinal plants (Table 1). In 1992, the composition of species was revised. The roots of Aralia elata (Miq.) Seem (syn. Aralia mandshurica Rupr. et Maxim.) or roots and rhizomes of Oplopanax elatus (Nakai) Nakai were excluded. Instead of these plants, the roots and rhizomes of Eleutherococcus senticosus (Rupr. et Maxim.) Maxim. were included in species at the same rate. A new species was named “Arfazetin-E”. Both these species (“Arfazetin” and “Arfazetin-E”) are now included in the State register (2021).
“Myrphasinum” was developed in 1985 by scientists from the first Moscow medical institute, named after I.M. Sechenov (Fas'kov et al., 1991), and was approved for medicinal use in 1991. The composition is complicated and includes the 12 medicinal plants (Table 1).
According to the regulatory requirements of the USSR/Russia, medical species are subject to preclinical and clinical evaluations of safety and efficacy.
Preclinical and Clinical Data
The efficacy of “Arfazetin” was studied in several experiments in vivo. Rats with alloxan-induced diabetes were administered an infusion of “Arfazetin” (10 ml/kg per day, orally) five days before alloxan injection and seven days after injection. Distilled water was administered in the control group. The blood glucose level, elevated by alloxan, was decreased in “the Arfazetin”-treated rats by 24 and 38% when compared with control on the third and seventh days, respectively, after alloxan injection. The total cholesterol, creatinine, and malondialdehyde in the blood and liver were decreased by 27, 37, 30, and 30%, respectively, compared with the control group on the seventh day after treatment. The treatment of rats with “Arfazetin” led to an increase in serum immunoreactive insulin and C-peptide after glucose load by 22 and 55%, respectively, when compared with the control group (Azhunova et al., 2001). Similar results were observed in a prolonged study. The oral administration of “Arfazetin” (5 ml/kg of infusion) to rats with alloxan-induced diabetes over 30 days (7 days before alloxan induction and 23 days after injection) resulted in decreases in blood glucose of 46 and 39%, respectively, compared with the control group on the 15th and 30th days of the experiment. On Day 30, glycogen in the liver was increased by 17% when compared with the control group (Ishankulova et al., 2013). A further study by the same group evidenced the lipid-lowering properties of “Arfazetin” (infusion, 5 ml/kg, orally). The total cholesterol in the blood decreased by 33% when compared with the negative control after 30 days of the treatment of rats with alloxan-induced diabetes. The levels of triglycerides and low- and high-density lipoproteins normalized and were equal to those in the intact group after 30 days of treatment with the infusion of “Arfazetin” (Ishankulova and Yuldasheva, 2019). In another study, the effects of “Arfazetin” on energy metabolism in rats were reported. Rats with alloxan-induced diabetes were treated with the infusion of “Arfazetin” (10 ml/kg, orally, daily) for 21 days. The control group received the same volume of distilled water. The treatment of rats with "Arfazetin" resulted in a double increase in adenosine triphosphate production in the liver when compared with control, starting from the seventh day of the experiment. The concentration of lactic acid decreased by 1.7 fold, while the activity of pyruvate kinase increased by 1.5 fold when compared with the control group after 21 days of treatment. The authors suggest positive effects of “Arfazetin” on energy metabolism (Lemza et al., 2014). The blood glucose in rats with alloxan-induced diabetes was decreased by 3.2 fold when compared with control at 3 h after the intragastric administration of a dry extract of the medical species “Arfazetin” (1,200 ng/kg). The efficacy of the extract was equal to that of gliclazide (50 mg/kg, intragastric administration) (Kvasova, 2011).
The acute and chronic toxicity of “Arfazetin” was studied in mice after oral administration. The LD50 for the dry extract of “Arfazetin” was 24 g/kg (acute toxicity). No signs of toxicity were observed in the mice after 30 days of the administration of the “Arfazetin” infusion and dry extract at 1,200 mg/kg (there times a day every 4 h) (Kvasova et al., 2010).
The antidiabetic potential of the medical species “Myrphasinum” was investigated in rats. Diabetes was modulated by the subcutaneous injection of alloxan. The glucose level in the blood was increased from 5.6 mmol/L (intact group) to 9.55 mmol/L, body weights were decreased, and the rats had no appetite. The aqueous infusion of “Myrphasinum” (25 g/L) was administered to rats by an intragastric route at the dose of 5 ml/kg three times per day for two weeks. The control group was administered saline. The blood glucose in the treated group was decreased to 3.4 mol/L (vs. an increase up to 10.7 ml/L in the control group) two weeks after the beginning of treatment. The body weights and appetite were improved. Meanwhile, 25% of the animals in the control group died. The animals were observed for five extra weeks after the end of treatment with “Myrphasinum”. Three weeks after the end of treatment, the blood glucose in the treated group was equal to that in the intact group (5.77 mmol/L) and was stable until the fifth week (Grinkevich et al., 1997). In another study, outbred rats with alloxan-induced diabetes were orally administered 10 ml/kg of an infusion of “Myrphasinum” 3 times a day for three weeks. The control group received the same dose of normal saline. The treatment with “Myrphasinum” resulted in a statistically significant decrease in blood glucose by 26% compared with control. Glycogen in the liver and skeletal muscles was increased by 35 and 21% respectively, when compared with control and was equal to the level in an intact group (Dzhafarova, 2013). Subsequently, the efficacy of “Myrphasinum” in outbred rats with alloxan-induced diabetes was evaluated. The rats were treated orally with 10 ml/kg of an infusion of “"Myrphasinum” 3 times a day. The control group received normal saline. Metformin (5 mg/kg, 2 times a day) served as a positive control. The administration of “Myrphasinum” for 21 days did not affect the body weights of the rats, and no signs of toxicity were observed. The level of glucose in the “Myrphasinum”-treated group was decreased by 75% compared with control (vs. 59% in the metformin group). The insulin and C-peptide levels were dramatically reduced by 3 and 3.3 fold, respectively, in rats after alloxan injection in those treated with "Myrphasinum" (vs. 1.5 and 1.7 fold increases, respectively, in the animals treated with metformin) (Jafarova and Garayev, 2013).
We have found, in the available literature, only a few publications about clinical trials with medical species. The efficacy of “Arfazetin” was studied in a group of 32 patients (18–65 years old) with types I and II diabetes mellitus. “Arfazetin” was prepared in the form of an aqueous infusion (10 g in 400 ml) and administered in warm form at the dose of 1/3 glass, three times a day, 30 min before meals, for one month. The patients with type I diabetes (12 persons) were administered “Arfazetin” in combination with an appropriate dose of insulin and diet. The five patients with a mild form of type II diabetes were administered “Arfazetin” in combination with an appropriate diet. The group of 15 patients with a moderate form of type II diabetes were administered “Arfazetin” in combination with an appropriate dose of hypoglycemic drugs and diet. In the patients with type I diabetes treated with “Arfazetin”, a statistically significant decrease in blood glucose (by 38%) was registered at 11.00 pm when compared with 9.00 am of the same day. The effect was not cumulative. More pronounced results were observed in patients with type II diabetes. “Arfazetin” effectively ameliorated hyperglycemia. The doses of hypoglycemic drugs were reduced in 7 patients. In two patients, it was possible to maintain normal blood glucose levels without hypoglycemic drugs (Korotkova et al., 1988).
A “Myrphasinum” infusion was used in clinical praxis for the therapy of patients with and without diabetes decompensation. The treatment of patients with diabetes in the compensation stage resulted in statistically significant decreases in glucose by 15 and 44% in the blood and urine, respectively. Cholesterol and B-lipoproteins were decreased by 18 and 21%, respectively. The effects of “Myrphasinum” in patients with diabetes in the decompensation stage were less pronounced (Fas'kov et al., 1991). However, the data provided in the inventor’s certificate are limited and lacking other details.
The comparative efficacy of “Arfazetin” and “Myrphasinum” was studied in 57 patients with diabetes (22–76 years old) in an open clinical trial. The first group (26 persons) was treated with “Arfazetin”, while the second group (31 persons) received “Myrphasinum”. Basic therapy includes oral hypoglycemic drugs. “Myrphasinum” was considered more effective and resulted in a statistically significant decrease in blood glucose, surpassing “Arfazetin” in efficacy (Firsova et al., 1990). However, no more details were provided in this conference paper.
CONCLUSION
In this review, we analyze the compositions and potential of medical species used in Russian traditional and officinal medicine for the treatment of diabetes and related diseases. Several species besides medicinal plants contain fresh juices from berries, birch sap, and seaweeds. Another aspect of medical species is the presence of adaptogens. The philosophy and conceptualization for the compilation of medical species in Russian medicine are not well described. We have highlighted the most common binary and triple combinations of plants exploited in medical species. These combinations can be considered base mixes. Other plants are added to the mixtures to improve the efficacy, treat associated disorders, improve gastrointestinal function, prevent allergic reactions, etc. Obviously, Russian phytotherapeutic doctors compile polyherbal mixtures according to their own experience and knowledge. Modern studies of the mechanisms of action and predicted activities of the principal compounds from medicinal plants support the rationality of polyherbal mixtures. However, the mechanisms are not well studied and reported due to the limited number of compounds. Deeper investigations including gene expression will enable a better understanding of molecular mechanisms and targets. Although a few studies have evidenced possible additive/synergistic effects of herbal mixtures, additional investigations with calculations of synergistic or additive indices will assist in providing a scientific foundation for the wider use of medical species for the therapy of diabetes. Even though most medical species comprise mixtures of three to six plants, other species also deserve careful study. It appears to us that the species with seven or more plants have rationality that is difficult to explain and some secrets that are yet to be deciphered. On the other hand, modern good praxis rules require the identification of all the plants in medical species. An increase in plants in the mixture requires advanced techniques for quality control. Notably, two medical species approved for use in officinal medicine include 7 and 12 plants. The efficacy of these species was investigated in vivo. However, all the activities were proved using only one model of alloxan-induced diabetes. Clinical trials were completed in small groups, and several details are not indicated in the reports. According to modern regulatory rules, additional pharmacological experiments and clinical trials are required for more detailed investigations of the mechanisms of action and the confirmation of efficacy. We believe that the scientifically based utilization of rich plant resources and knowledge of Russian herbal medicine can significantly contribute to the local economy as well as to the sectors seeking natural healing products.
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Medicinal plant and
part used

Fragaria vesca L. leaves

Rosa spp. fruits

Arctium spp. roots

Vaccinium vitis-idaea L
leaves
Hypericum spp.

Mentha x piperita L.
leaves

Linum usitatissimum L.
seeds

Mechanisms

Decrease of total cholesterol, triglycerides, low- and high-density
lipoproteins, normalization in antioxidant system (decrease of
malondialdehyde and increase of superoxide dismutase); inhibition of
a-glucosidase and a-amylase enzyme activty; reduce blood glucose level.
Reduce blood glucose level, regulate lipid metabolism by inhibiting fat
accumulation (mainly visceral, decrease serum triglycerides, regeneration
of pancreas p-cells, increase expression of insulin-dependent genes Gk
and Ptpib.

Decrease of blood glucose, increase of insuiin synthesis, suppression of
lipid synthesis by activating 5'-adenosine monophosphate activated
protein kinase, regulated the expression of sterol regulatory element-
binding protein-1 and stearoyl-CoA desaturase.

Decrease of blood glucose, increase of insulin synthesis, decrease of
triglycerides, and high-density lipoproteins.

Reduce blood glucose level, inhibit pancreatic lipase, fat accumulation
reduce hypercholesterolemia, lowered total cholesterol and low-density
cholesterol, riglycerides, improved the insulin sensitiviy, reduce
expression of Dgat, ColV, andLp1 genes involved in the biosynthesis of
triglycerides

Decrease of serum glucose, cholesterol, triglycerides, very low density
lipoprotein, low density lipoprotein. Increase the high density lipoprotein
cholesterol levels; inhibit glucosidase and tyrosinase

Decrease biood glucose and polyphagia, control of lipid peroxidation
(thiobarbituric acid-reactive substances) and antioxidant enzymes
(glutathione peroxidase, superoxide dismutase, and catalase), inhibit
glucosidase and a-amylase
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Inuia helenium L roots; Arctium lappa
L roots; (1:1)

Galega officinalis L. aerial part; Galega
offcinalis L. seeds; (7:3)

Taraxacum campylodes G.E.Haglund.
roots; Taraxacum campylodes
G.EHaglund. leaves; (1:1)

Taraxacum campylodes G.E.Haglund.
roots; Mentha x piperita L. leaves; (1:3)

Urtica dioica L. leaves; Juniperus
communis L. fruits; Equisetum arvense
L. aerial part; (2:3:4)

Ononis spinosa L. toots; Taraxacum
campylodes G.E.Haglund. roots;
Frangula alnus Mil. bark; (3:3:10)

Tussiago farfara L. leaves; Betula spp.®
leaves; Rubuscaesius L. leaves; 1:1:8

Phacophyceae (Cystoseira barbata
(Stackh.) C.Agardh) thallus; Pimpinela
anisum L. frits; Glycyrhiza glabra L
roots; (2:1:1)

Achilea millefolium L. aerial part;
Hypericum perforatum L. aerial part;
Phaeophyceae (Cystoseira barbata
(Stackh.) C.Agardh) thallus; (2:2:1)

Method of preparation

Decoction; 1 table spoon
in 200 ml of boiling water
Infusion; 10 gin 200 ml of
boiling water

Infusion; 1 table spoon in
200 ml of water, boil 15
min, maceration 30 min at
foom temp.

Infusion; 1 table spoon in
400 ml of water, boil

10 min

Infusion; 1 tea spoon in
200 ml of water, boil 10
min, maceration

20-30 min,

Decoction; 6-10g in
200 mi of water, boil 10
min, maceration 30 min
Decoction; 4 tea spoons
in 200 ml of water, boil
5-7 min, maceration

30 min

Infusion; 1 table spoon in
500 ml of boiling water

Infusion; 3 table spoons in
600 ml of boiling water

Infusion; 10 g in 200 ml of
boiing water

Decoction; 2 table spoons
in 500 ml of water

Infusion (herbal tea); 2
table spoons in 400 mi
boling water

Recommended
dosage

200 ml 2-3 times a day

1 table spoon 3-4 times a
day before eating

100 mi 3-4 times a day
before eating

1 table spoon 3 times
aday

200 mi 3 times a day

30 min before eating

1 table spoon 3 times a
day 30 min before eating

100 ml 3-4 times a day
before eating

66 mi 3 times a day
before eating

200 ml 2-3 times a day
before eating

200 mi 2 times a day
before eating

100 ml 3-4 times a day

100 ml 3-4 times a day

Indication

Obesity

Diabetes

Diabetes

Diabetes

Diabetes

Diabetes

Diabetes

Obesity

Obesity

Obesity

Obesity

Obesity

Reference

Safonov (2016)

Sokolov and Zamotaiev (1984),
Matkovskaya et al. (1988),
Sinyakov (1992), Sinyakov
(1999), Chirkov and Senyi
(1993), Efimov and Shcherbak
(1993), Tarasenko et al. (1998),
Dontsov and Dontsov (2000),
Sokolov (2000), Biinov (2000),
Podduev (2001), Dremova et al
(2003), Nazina (2006),
Davydovich et al. (2008),
Bogdanova and Bashkirova
(2010)

Sinyakov, (1992), Sinyakov,
(1999), Efimov and Shcherbak
(1993), Tarasenko et al. (1998),
Podduev (2001), Smolianski
and Lifliandski (2004),
Korodetsky (2006), Davydovich
et al. (2008), Balakirev (2010),
Bogdanova and Bashkirova
(2010)

Volynchenko (2003)

Sinyakov (1999)

Podduev (2001)

Osetrov and Shreter (2001)

Lager (1991), Lager (2002),
Efimov and Shcherbak (1993),
Kukes (1999), Dontsov and
Dontsov (2000), Bubenchikova
etal. (2003)

Dontsov and Dontsov (2000),
Sokolov (2000, Kiyanova
(2005), Maznev (2005)
Yordanov et al. (1972), Chirkov
and Seryi (1993), Kiyanova
(2005), Maznev (2005)

Yordanov et al. (1972), Chirkov
and Seryi (1993), Efimov and
Sheherbak (1993)
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Compounds

Phenylpropane derivatives
Estragole (methylchavicol, p-allylanisole)

Methyl eugenol

Elemicin

Isoelemycin
Eugenol
Isoeugenol methy ether
Asarone, isoeugenol methyl trans-anethole
@-Anethole
Prestragol
Anethole, carpacin
Dillapiole
3-{p-Methoxyphenyl)-1,2-propanediol
Monoterpenoids
Sabinene

cis allo-Ocymen, cis allo-ocymen hydrate, trans-sabinene acetate, ethyl geranyi
a-Fenchene, cis-sabinene hydrate, camphor, geranyl acetate, (£)-f-ionone
y-Terpinene

a-Terpinene

a-Terpineol
4-Terpineol
Terpinolene

a-Terpinolene
Linalool

Limonene

allo-Ocimene

trans-allo-Ocimene
cis-p-Ocimene

trans p-Ocimene

Citronelol

Citronelol acetate, neryl acetate

Citronellol formate, terpineol, ac-trans-ocimene, p-ocimene
(B)-p-o-cymene p-mentha-1,3,8-triene

o-Cymene

-Ocimene Y, allocimene, geranial, nerol, f-elemene, tricyclen
4-Carene, o-limonene, 1,8-cineole, trans-4 thujanol

Carvone

Myrcene

Phellandrene
a-Phellandrene

p-Phellandrene
a-Thujene

a-Pinene

f-Pinene

Camphene

p-Cymene
E-p-Ocymene, Z-f-ocymene

neo-allo-Ocymene

Thymol
B-Myrcene

1,8-Cineol, isoterpinolene, artemisinic ketone, isobomy! acetate, pseudolimonene
2-allo-cimene, 2--pinene, endo-isofenchene, trans-carveol, a-fenchene
A3-carene

Borneol, E-carvone oxide
p-Sesquifelandrene
Bomy! acetate

Geraniol, p-pinene, trans-ocimene
Myrtenal, pinocarveol
Carvacrol, a-terpenyl acetate
Sesquiterpenoids
Spatulenol

Spathunelol
a-Humulene

Germacrene-D-4-0l, a-himachalene
Germacrene D
Famesane
ar-Curcumen, caryophyllene oxide, a-bisabolol, 3-bisabolen
E-Caryophyllene
p-Caryophyllene
Caryophyllene
a-Cedrene
Elemene
E-p-Caryophyllene, (E, £)-famesane, gleenol, a-epi-cadinol
bicydlermacren, 8-elemene
a-Zingiberene
EE-aFamesane
a-Bergamotene, acoradiene, germacrene D, cis-trans-a-famesene
a-Copaene, (E)-f-famesene
p-Sesquiphellandrene
I-Elemene, ar-curcumene, bicyclogermacrene, 8-cadinene
Diterpencids
Phytol
Trterpenoids
Squalene
Polyacetylenes
Capilene

1-Phenyl-2,4-hexadiene, 1-phenyl-2,4-hexadiene-1-one
Isocoumarins

3-(1-Z-Buteny) isocoumarin=(2)-artemidin, 2-(1-E-butenyl)-isocoumarin =(E)-
artemnidin
Other compounds

Dehydro-1,8-cineole, myrysticin

Apiole

Acenaphthene

3-Methoxycinnamaldehyde, p-allyphenol, cyclohexylmorpholine, cinnamic acid
methyl ester, cinnamyl acetate, nonadecane

5-Phenyi-1,3-pentadiyne

Hexanal

1,3-Oktadiene, methyl salicylate, 1-pentadecene
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Group of
compounds

Flavonoids

Coumarins

Phenolic acids

Alkamides

Sterols

Fatty acids
Vitamins

Minerals

Enzymes

Tannins

Other compounds

Compounds

2'4'-Dihydroxy-4-methoxydiydrochalcone syn. DMC-2; 4-O-
methyldavidigenin
Quercetin

Kaempferol
Luteolin

Apigenin
Pinocembrin

Naringenin
3,5,4-Trihydroxy-7,3'-dimethoxyflavone,
3,5,4"trihydroxy-7-methoxyflavone,
5,6,7,8,4'-pentahydroxymetofiavone,
5,7-dihydroxy flavone,
7-0-p-0-glycopyranoside,
5,7-dihydroxflavone,
7-0-p-0-glucopyranoside anangenin estragonizide
Davidigenin

Sacuranetine

Rutoside

Quercetin 3-O-rutinoside

Isoquercitrin

Patuletin 3-O-malonylrobinobioside
Pauletin hexoside

Patuetin thamnosylhexoside

Patuletin malonyirhamnosylhexoside
Vicenin

7,3'-Dimethyleriodictyol
7-Methyleriodictyol

7-Methylaringenine

Biocovertsetin

Hyperoside

Rutoside

Estroside

Kaempferol glycosides

Quercetin glycosides

Luteolin glycosides

Isorhamnetin glycosides

Herniarin

3,4-Dehydroherniarin, skimmin,
()-(R)-20-methoxydihydro-artemidine,
(+)-(R)-B)-3"hydroxyartemidine,
(+)-(S,R)-epoxyartemidine,

4-hydroxycoumarin,
7.8-methylenedioxy-6-methoxycoumarin,
8-hydroksyartemidin artemiciol artemidynal ether,
7-methyl daphnetin ether methylenedaphnetin,
isovalerate capillrin,

yiy-dimethyialiyl ether esouletin
6-Demethoxycapilarisine

Dacumerin

Scoparon

Scopoletin

Avrethinol

Avidiodiol

Artidin

Isocoumarin

9-Hydroxyartemidine, esculetin
8-Hydroxycapilarin, artemidinol

Escuin

Capillarin

Artemidine

Goumarin

(B) 2-Hydroxy-4-methoxycinnamic acid,
4/5-di-O-caffeoylqinic acid,
5-0-caffeoylqinic acid hydroxybenzoic acid,
3,5-0-dicaffeoylquinic acid, p-coumaroyl-feruioylquinic acid, p-coumaroyl-
caffeoylquinic acid,

4,5-di-O-caffeoylquinic acid,
5-0-caffeoylquinic acid,

Feruic acid hexoside

Caffeoylquinic acid, sakuranetin

Chicory acid

Caffeic acid, chlorogenic acid

p-Coumaric acid

Ferulic acid, syringic acid

Vanilic acid

2-Methoxycinnamic acid

Neopelitorin A, neopelitorin B, peiitoryin

Stigmasterol

Myristic acid, oleic acid, palmitic acid

Vitamin C

lodine compounds

Peroxidases

No data

1-Methoxy-4-(2-propenyl) benzene, 3,7-dimethyi-1,3,7-octatriene
4-(1",1',2,2'-Tetramethylpropyl)-1,2-benzenediol
Phytoalexin

Benzyl benzoate, methyl salicylate, trimethoxyallylbenzene

1,9,2-Octalone, 7-methoxy-1-indanone, cinnamic aldehyde, simetyloaceta,

ociminon acetate, 3- methylbenzyl
Anisaldenyde

y-Decalactone

Cuminic aldehyde, 2(3H)-furanone,5-hexyldinydro-benzen, ethanol,
a-2-propenyl-methyl cinnamate

(2E,4E)-1-(Piperidin-1-yllundeca-2,4-diene-8,10-diyn-1-one, (2E,4E)-
N-isobutyl undeca-2,4-dien-8, 10-diynamide
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Activity

Anti-bacterial and anti-fungal

Anti-protozoal
Antioxidant

Anti-inflammatory and analgesic

Immuno-moduiating

Anti-depressive

Anti-tumor

Hepato-protective
Hypo-glycaemic

Normalizing the profile of thyroid
hormones

Inhibiting the activity of carbonic

anhycrase | and Il
Repeling insects

Mechanism of action

Inhibition of the growth of Staphylococcus aureus, Staphylococcus epidermidis,
Micrococcus luteus, Bacilus subtilis, Bacillus cereus, Listeria monocytogenes,
Streptococcus pyogenes, Streptococcus typhimurium, Escherichia col,
Kiebsiella pneumoniae, Shigella flexneri, Shigella marcescens, Pseudomonas
aeruginosa and Salmonella sp. under the influence of the essential oil of the A.
dracunculus herb

Staphylococcus aureus, Proteus spp. and Corynebacterium diphtheriae colony
growth inhibition after application of the essential oil

essential oil of A. dracunculus leaves hampers the growth of Escherichia coli,
Listeria monocytogenes, Saimonella enteritidlis and Staphylococcus aureus
strains

Staphylococcus aureus, Staphylococcus aureus MRSA (methicillin resistant),
Bacillus cereus, Micrococcus flavus, Listeria monocytogenes, Pseudomonas
eruginosa, A.R Pseudomonas eruginosa, Salmonelia typhimurium, Escherichia
coli, A.R Escherichia coli, Enterobacter cloacae colonies growth inhibition and
bactericidal effect as well as inhibition of the growth of Aspergillus fumigatus,
Aspergillus versicolor, Aspergillus ochraceus, Aspergillus niger, Trichoderma
viride, Penicillum funiculosum, Penicillium ochrochioron, Penicilium verrucosum
and fungicidal activity under the influence of hydro-ethanolic extract of tarragon
hydro-ethanolic extract of A. dracunculus leaves significantly reduces the number
of colony-forming units (CFU) of Candiida albicans in the liver and kidneys of mice
Inhibition of the growth of bacteria: Pseudomonas aeruginosa, Proteus vulgaris,
Escherichia col, Bacillus cereus, Bacillus subtilis, Staphylococcus aureus,
Streptococcus pyogenes, and fungi: Aspergilus fumigatus, Penicilium
expansum and Candida albicans, under the influence of hydro-ethanolic herbal
extract

Inhibition of the growth of bacteria: Staphylococcus aureus, Staphylococcus
epidermis, Staphylococcus aureus MRSA, Corynebacterium diphtheriae and
Helicobacter pylori after the appiication of infusion of A. dracunculus and minimal
inhibition effect in Enterococcus hirae, Klebsiella pneumoniae colonies
Inhibition of the development of the promastigote form of Leishmania major
Reducing properties of the hydro-ethanolic herbal extract related to the presence
of phenolic compounds and flavonoids

Reduction of DPPH and ABTS in the presence of phenolic compounds
Redution of pain sensations and reduction of xylene-induced ear edema after
administration of the ethanolic herbal extract to mice

Inhibition of ROS, IL-8 and TNF-a production in imitated inflammation
Reduction in IL-17 and IFN-y production and intensification of the phagocytosis
process carried out by macrophages

Lowering of IL-17 and IL-23 levels and reduces the infilration of leukocytes into
brain cells

Increased neutrophillevels and decreased lymphocyte levels after intraperitoneal
administration of the hydro-ethanolic extract from the leaves

Increased resistance to stressful situations and reduction of stress-related levels
of inflammatory cytokines

The phenolic compounds and flavonoids contained in the A. dracunculus herb
reduce the immobility response time in mice in the writhing test and in the forced
swim test

Mid inhibition of hMAO-A and hMAO-B by extracts of A. dracunculus
Inhibition of proliferation of mouse lymphoma cells (L5178YD) due to the
presence of polyphenols and alkamides in leaf extracts

Decrease in levels of alanine transaminase, aspartate transaminase, alkaline
phosphatase and total billrubin, and increase in total protein levels

Decrease in glycated hemoglobin, decrease in area under curve for insulin,
decrease in total insuiin secretion, decrease in systolic blood pressure, and
increase in HOL-C

Increas in thyroxine and triodothyronine levels, decrease in elevated levels of
thyrotropin, and increase in total antioxidant capacity, increase in glutathione, and
decrease in malondialdehyde levels

Compounds contained in herbal extracts reduce the activity of carbonic
anhydrase | and Il

Inhibition of Calliphora vomitoria egg laying on fresh beef, on which the essential
oil of A. dracunculus herb was applied

Larvacidal effect against Anopheles stephensi under the influence of
nanoemulsion of A dracunculus essential oil
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Control
Stimulation (+LPS)
G. squarrosa extract + LPS
25 pg/ml
50 pg/mi
100 pg/mi
Grindelic acid + LPS
10uM
20uM
50 M
Budesonide 50 M
Clarithromycin 50 M

D < 0.01 vs. not stimulated cels;

"p < 0.05 vs. LPS-stimulated cels;
°p <0.01 vs. LPS-stimulated cells;
9 < 0.001 vs. LPS-stimulated cells.

ICAM-1 expression [%]

VCAM-1 expression [%]

E-selectin expression [%]

Nasal

342 +36
100 + 2.1

94359
883429
753+ 34°

89.5 469
889498
904 +27
794+ 4.9°
953+39

Bronchial

28413
100 + 4.5

993437
90.5+4.2
782 +53°

905 +82
92.1+42
91.6+37
80.5+3.8°
928 +6.2

Nasal

26472
100 £ 5.1

89.6+53
942128
925+ 6.1

97453
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89.6 +4.6
925+ 9.1
943 +5.7
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100 + 3.9

952+ 34
90.3 + 6.1
884+79

988+24
972+ 18
932+ 4.1
903+ 7.1
96.3+ 36

Nasal

24139
100 £ 28

90.9 + 6.1
942 +31
938 + 4.1

96.4 +25
99.4 +37
91.3+92
86.4 +6.9
99.4 + 1.8
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19.3 6.2
100 +5.9
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99.3+28
932 +37
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914 +6.7
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Control
Stimulation (+LPS)
G. squarrosa extract + LPS
25 pg/mi
50 pg/mi
100 ug/mi
Grindelic acid + LPS
10 uM
20 M
50 M
100 pg/ml
Budesonide 50 M
Clarithromycin 50 uM

n.d., not detectable.
< 0.01 vs. not stimulated cels;

"p < 0.05 vs. LPS-stimulated celss;
°p < 0.01 vs. LPS-stimulated cells;
9y < 0.001 vs. LPS-stimulated cells.

Surface IL-10 receptor
expression [%]

100.2 + 21.6
464 +155°

257.4 + 61.8°
4766 + 62.4°
904.3 + 96.4°

138+36
16.5+55
181£62

500+ 56
64.4+47

TGF-p release [pg/mL]

337+79%
85148

37521
436 + 4.8
58.4 +4.4°

nd
nd
363+98

403 2.1
nd

IL-6 release [%]

34.4+42
100.0 + 2.1%

643+ 6.2°
602+ 4.4°
525+22°

87.9+47
844182
743 +35°

56.4 + 387
68.4 + 6.6°

TNF-a release [%]

243 +54
1004 + 33"

585 + 2.5
5534387
452 +28°

90.4 £33
853 +27
766+ 09

65.9 +1.67
786 +2.4°
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Form Administration Part References

infusion 3gin 150 ml of boling water. Day dose: up to 3 times daly ~ Aerial parts, flowers, leaves ~ Kalktenbach and Schimmer (1991), Ferreres et al. (2014)
Tincture 0.5-1 mi 3 times daily. Daly dose: 1.5-3 mi Aerial parts, flowers Kalktenbach and Schimmer (1991)
Liquid extract 0.6-1.2 mi 3 times daily. Daily dose: 1.8-3.6 ml Aerial parts, flowers, leaves ~ Kalktenbach and Schimmer (1991), McFarlane (2017)
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Compound

Caffeoy quinic acid
Feruloyl quinic acid
Luteolin hexurosyl-pentoside
Luteolin hexuronide
Apigenin hexurosy-pentoside
Dicaffeoyl quinic acid ()
Dicaffeoyl quinic acid ()
Dicaffeoyl quinic acid (lll)
6-Oxogrindelic acid

0 Grindelic acid®

SR S Reedhha =k

M + HI';
bisolated in this study.

Retention time
[min]

4.0
79
98
125
129
14.0
14.9
16.1
46.0
50.1

UV [nm]

325
325
330
334
334
325
325
325
230
220

[M-H m/z

353
367
593
461

577
515
515
515
335%
3217

Fragment ion(s)

191
193
461, 417, 285
461, 285
445, 269
358, 191, 179, 173
353, 191, 179
358, 191, 179, 173, 135
3212
303*

References

Ferreres et al. (2014)
Ferreres et al. (2014)
Ferreres et al. (2014)
Ferreres et al. (2014)
Ferreres et al. (2014)
Ferreres et al. (2014)
Ferreres et al. (2014)
Ferreres et al. (2014)
Mahmoud et al. (2000)
Timmermann et al. (1985)
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Group (Dose) Uya at
5h (mEa/kg)
Saline control 1.43+031
Furosemide (10 mg/kg) 559 + 0.78
CSE (125 mgrkg) 1.83 £ 035
CSE (250 mgrkg) 2.41 £ 0.66°
GSE (500 mg/kg) 289+ 075"
CSD (125 mg/kg) 2.15+0.39
CSD (250 mg/kg) 249 + 044
CSD (500 mg/kg) 311082

Values of Un.V and UkV are expressed as Mean + SD (n = 6) ("p < 0.05 vs. saline control).

Uk at
5h (mEa/kg)

113+ 027
4.91 +0.41*
1.57 £0.29
183+ 031"
202 + 0.89"
1.83+0.73
212+029
2.36 + 0.55

Uy, at
24 h (mEa/kg)

1.94 +0.37
6.32 £ 0.84°
258 + 0.61
2.88 + 0.59"
3.03 + 0.88"
2.87 +0.83
342+ 087
3.84 £ 0.64

Uk at
24 h (mEa/kg)

1.55 + 0.42
531 + 0.44"
1.96 + 0.59
201£0.73"
214 £ 0.69"
2.08 + 0.68
239 + 0.46
2.71+£032

Fe Na
at24 h
(%)

132
6.81
197
214
242
205
372
458

Na/K at
24h

1.25
1.19
1.31
143
1.41
1.37
1.43
141
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Group (dose) Urine output at 24 h Diuretic action Diuretic activity

(mi)
Saline control 416 +0.37 - -
Furosemide (10 mg/kg) 7.96 +0.37 1.91 1
CSE 125 mg/kg 455+ 0,65 1.09 057
CSE 250 mg/kg 561038 134 070
CSE 500 mg/kg 6.05 +0.33° 1.45 076
CSD 125 mg/kg 525+ 032 1.26 065
CSD 250 mg/kg 6.11+021° 1.46 076
CSD 500 mg/kg 6.50 + 0.35 1.56 081

an < 0.05 vs. saline control,
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Probe ID 1C5o (mg/mi)

CSE 8.66 +1.23
CSD 3.03+0.35
Kojic acid 0.05 + 0.01
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Peak Rt  Amax(um  Molecular MS? (m/z) Tentative Quantification t

(min) ion [M-HJ" identification E csD Students
(miz) test
p-value

1 6.1 310 387 191 (100), 173 (15), 163 (20), 155 (5) 3-p-Coumarouylauinic ~ 0.379 + 0.004 nd -
acid”

2 65 322 353 191 (45), 179 (68), 173 (100), 161 (5), 135 (10)  4-O-Caffeoylquinic 069+001 0657 +0002  <0.001
acid®

3 72 324 353 191 (100), 179 (13), 173 (5), 161 (5), 135 (5)  5-O-Caffeoylquinic 115001 0290+0001 <0001
acid®

4 76 287,316sh 401 269 (100) Naringenin-O- T nd -
pentoside®

5 86 310 325 163 (100) p-Coumaric acid 0692+0001 0238+0003  <0.001
hexoside®

6 100 310 325 163 (100) p-Coumaric acid 0221£0004 0120£0002  <0.001
hexoside®

r 112 283,320sh 449 287 (100) Aromadendrin-O- 1.27 £ 0.02 046 + 0.01 <0.001
hexoside isomer 1€

8 117 282,322sh 449 287 (100) Aromadendrin-O- 0.31 £ 001 037 +0.01 <0.001
hexoside isomer 2

9 127 283320sh 449 287 (100) Aromadendrin-O- 0.019£0001 0054+ 0001  <0.001
hexoside isomer 3

10 138 352 609 301 (100) Quercetin- T 0.027 £ 0.001 -
deoxyhexoside
hexoside®

1 142 284,339sh 465 303 (100) Taxifolin-3- 047+001  0125:0001  <0.001
O-glucoside®

12 152 320 355 193 (100), 149 (5), 134 (5) Ferulic acid hexoside™  0.133 £ 0002 0053 0001  <0.001

13 1569 282,325sh 433 271 (100) Naringenin-O- 0.29 + 0.01 0.139 + 0.002 <0.001
hexoside isomer 1)

14 163 283 449 287 (100) Aromadendrin-O- 0077 £0001 00460001  <0.001
hexoside isomer 4

15 169 283325sh 433 271 (100) Naringenin-7- 457+009 071001 <0.001
0O-glucoside @

16 179 353 609 301 (100) Quercetin-3- 101003  0404+0003 <0001
O-rutinoside®

17 191 351 463 301 (100) Quercetin-3- 06930004 014001 <0.001
O-glucose®

18 199 260330sh 431 269 (100) Genistein-7- 00588+0.002 00061+00001  <0.001
O-glucoside®

19 204 281330sh 431 269 (100) Genistein-O- T 0.043 £ 0.002 -
hexoside®

20 210 283327sh 433 271 (100) Naringenin-O- 060+001  0078+0001  <0.001
hexoside isomer 2

21 212 340 593 285 (100) Kaempferol-3- T 0.033 + 0.001 -
O-rhamnoside®

22 222 350 623 315 (100) Isorhamnetin-3- T T -
O-rhamnoside ©

23 226 342 447 285 (100) Kaempferol-3- 0520+ 0002 0.108+0003  <0.001
O-glucoside®

24 242 280323sh 447 285 (100), 270 (5) Dihydrowogonin 7-O-  0.44 £ 002 00250001  <0.001
glucoside/sakuranetin
5-0-glucoside’®

25 269 255320sh 445 283 (100), 268 (20) Methyigenistein 095+001  0078+0001  <0.001
hexoside®

26 209 283320sh a7 255 (100) Pinocembrin-7- T T -
O-glucoside®

27 319 286335sh 447 285 (100), 270 (5) Dihydrowogonin 7-O- T 00059 + 0.0001 -
glucoside/sakuranetin
5-0-glucoside’®

Total phenolic compounds 14545012  4205:0002  <0.001

N, not detected; tr-race amounts. Standard calbration curves: A—p-coumaric acid (y = 301950 + 6,966.7, R? = 0.9999, LOD = 0.68 ug/mi, and LOQ = 1.61 ug/mi); B—chiorogenic
acid (y = 168823x~ 161,172; 9999, LOD = 0.20 ug/ml, and LOQ = 0.68 pg/mi); C—naringenin (y = 18,433x + 78,903, R® = 0.9998, LOD = 0.17 ug/m, and LOQ = 0.8 pug/ml);
D—quercetin-3-O-rutinoside (y = 13,343x + 76,751, R = 0.9998, LOD = 0.21 ug/ml, and LOQ = 0.71 ug/mi); E—taxitolin (y = 203766x ~ 208,383, R = 1, LOD = 0.67 ug/mi, and
L0Q = 2.02 ug/mi); F—ferulic acid (y = 633126x - 185,462, R? = 0.999, LOD = 0.20 ug/ml, and LOQ = 1.01 ug/mi); G—quercetin-3-O-glucoside (y = 34,843x - 160,173, R¥ = 0.9998,
LOD = 0.21 ug/mi, and LOQ = 0.71 ug/m).
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Probe ID

CSE

CSD

TPC (mg
GAE/g extract)

3763 +2.75
19.11 £ 162

TFC (mg
QE/g extract)

12.03 +0.72
534 +0.23

DPPH scavenging
(mmol TE/g
extract)

30.02 + 0.58
14.32 + 200

ABTS scavenging
(mg TE/g
extract)

107.14 + 1.43
55.65 + 3.62

FRAP (mg
TE/g extract

111.87 + 4.14
61.07 + 2.83
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No.

Plant species with essential
oils

Apiaceae Foenicubm wigare
A ferrl
Comim cymium L—cumin

Ranunculaceae
Nogeta sata L. —black cumin

Rutaceae
s x aurantifla (Cnrsim)
Swinge—ime

s xfmon (L) Osbeck—

Experimental model/Dose.

‘Steptozotocin induced dabetes n
121530 mg/g EO

Inviro assessmen of pha-
glcosdase

Inviro assossment ofnsuln
‘socretagogus acton on soated rat
pancreatc sets

Inviro assessment of aamyase

Asoxan induosd dabeles  aIS/S%.
infood

Asoxan induoad dabetes 1 aIS'S0
mg/g EO
bl mice model0.016 meyday EO

‘Steptozotocn induced dabetes n
125/40-80 migkg EO

Acxan induoed dabetes  rats/mg/
KgEO

Ascxan induoed dabetes n mice’50-
200mg/g EO

Ascxan induoed dabetes h ralsi0.4
mikgmg/g EO

Inviro assossment of  gucosdase

Asoxan induoad dabetes i rabbis/
50mgig EO

‘Steptozotocin induced dbetes n
rais0.3% EO n et

Aoxan induoad dabetes 1 aIS/50
mirgE0

Inviro assessment of c-amyase
and a-gucosdase

Findings

Reducton of yperghyoemia

Innibiton of apha-glucosidase wih 1050 of 05 pyiml
33410 increase of nsuln secreon

Ienititon of -amyase Wi G50 of 1.02 pg/m

Lowerng of blood gcose, improveren of g profie, protectie
sfect on pancreatic beta-cals

Reducton ofblood ghcoss, decrease ofpoperowidation

Roducton of blood ghcoss,improvemen of ghcose tolerance,
ncroase of serum nsuin, ncroase of ucckinase and GLUT-
‘gene expresson

Reducton ofbood gcose, inrease of sorum insuin and C-
pepide, upreguition of 8642 expression

Rodkcton of biood 9coso, hapalc and fona profoctiv efects.

Reducton o tiood glcase
Reducton o biood ghcose, improvement of igd profie

Ienititon of - glcosdase wih IS0 of 1.748 pgimi

Roducton ofbood ghucoss, nomaszation of oral glcose
toerance test

Reduction ofbood gcose, increase of isuin serum
concentation

Reducton o fasing blood and hepatic gucose, increase of
gycogen n e ver

Inhititon of aamylase and a-ghcosidase with 1C50 o 8.16 and
7.56 pg/mi
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No.. Plant specios with essential
1. Apiaceac

Foenicutim wigaro M.
2. Cuminum cyminum L. —cumn

Lamiaceae
3. Malssa offcinals L —lemon

Pistaciacoae
5. Pistoca ontscus L var. ohia—
masto oo

Ranunculaceao
6. Nigela sthc L —back cumin

Rutaceae
7. Guws ximon (L) Osbeck—

Experimental model/Dose.
Distinduced dysipidemia in rats30 Mgy
€

Dt induosd dysipidema in rabOSS00 g/
Q€0

APOEZ transgenic ice
Invio assassment of choestero
biosynthosis on HopG2 cols

Dt inducod dysipidema in rats/ 10 Mgk
€©

Trton WR1339:nduced dysipidema i ras
Inviro assessment of chostero
biosynthosis o HopG2 ool

‘Spontaneousy hypertensie riS/800 MGG
€

Distinduced dysipidema in abbi/250 mg/
kgEO

Findings

Reduction of total choesterd, LDL and TG, sight increase
of HOL

Reducton of total choosterd, LDL and TG
Reduction of plasma TG
Reducton of calar choester and TG

Reduction of total choester, LDL and TG, sight increase
ofHOL

Reduction of total cholsterd, LOL and TG
Reducton ofiracokar chostero bosynihosis

Roducton of total chosterd, LDL and TG

Reduction of total choesterd LDL and T6; Reduction of
sorc intma thickness
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Dicbetes melitus Bial ¢t 2, 2000

Dichetes melitus Jatr ot a, 2017

Dietes
mestus,
Oysipidemia
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Metabosc:
synckome

Keanet 1, 2016

Hod ot al, 2018

Morovatiotl,
2019

Type of clinical

study

Randomizod,
contol sty
Randomzod
control study
Randomzed
contro study
Randomzed
control study

Metaanayss

Randomizod
contol study

Number of patients

99 typo 2 DM patents wih
suboptinal gcemic contol
41 type 2 OM patents
64 preciabeti patients

95 dabetc and dysipidemc
patients

6 RCTs wih 376 patients

56 patonts wih motabolc
syndeome.

Treatment

‘Cumin essontal ol 50 and
100 moay for 8 woeks
Back cumi essential o
700 mgday for 40 days
Cumin essontal ol 75 My
dayfor 10 weeks

Cumin essontal o1 25 mg/
dayfor 90 days

Cumin essentil o

Cumin essontal ol 75 mg
1i.for 8 weks.

Resuts
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Reducton of fastig blood glucose

No signiicant change i gycemic ndces:
‘sipifcant improvement o i profle
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Extract

Water extract of erial parts

Heartwood/dietly ether fraction of methanol extract
standardized to ts content in S, B, fustin, 2.3-
dihydroquercetagetin, and quercetin

Aqueous infusion from Cotinus coggygria leaves
Young shoots/ethyl acetate fraction of acetone

extract

Total flavonoids isolated from C. coggygria leaves

Experimental model

In vitro inhibition of ovine COX-1 and human
recombinant COX-2

Mouse ear edema (SKH1 male mice) induced
with 12-O-tetradecanoy! phorbol-13-acetate;
comeometric assessment

Rats with the carrageenan induced paw
edema

Rats with the carrageenan induced paw
edema

Formalin-induced edema in mice

COX: cyclooxyganase; ECS0: half meaximal affective concentration.

Results

ECso =221 +0.18 mg/mi for COX-1 inibition;
EC50 = 4.10 + 0.27 mg/ml for COX-2
inhibition; Extract had best results in
comparison to that of other 8 medicinal plants
External application of 2 mg extract reduced
inflammation with 50%; reduction with 26% of
the skin dehydration induced by 12-O-
tetradecanoyl phorbol-13-acetate

Protective effect against inflammation folowing
the intragastric administration of the extract
(10 mikg) for 15 days

Doses of 50 mg/kg and 100 mg/kg reduced
theoedema with 46.5 + 18.5% and 76.7 +
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celuiar elements and raised capilary
resistance

References

Ozsoy et al. (2017)

Antal et al. (2015)

Paviov et al. (2014)

Marcetic et al.
(2013)

Bezruk and
Lyubetskaya
(1969)





OPS/images/fphar.2020.00989/fphar-11-00989-g001.jpg
fre— Sesyeptytice

oyt sty Sl amidonds

sellys ¢
=

el

LI —





OPS/images/fphar-12-662852/fphar-12-662852-t002.jpg
Compound

Sulfuretin

Butein

Isoliquiritigenin (trans-2",4.4'-trihycroxychalcone)
Eriodiictyol

Butin

3.3"-butindimer

Liquiritigenin (4',7-dihydroxyflavanone)
Taxifolin

2,3-Dihydroquercetagetin
2,3-trans-Fustin
3-O-methyi-2,3-trans-fustin
3-O-galloy-2,3-trans-fustin

Fisetin

Quercetin

3',4',7- trihydroxyflavone

Gallic acid

Methyl gallate

p-resorcyiic acid

Cotinus coggygria

Westenburg et al. (2000)
Valianou et al. (2009)
Valianou et al. (2009)
Antal et al. (2010)
Antal et al. (2010)
Antal et al. (2010)
Valianou et al. (2009)
Valianou et al. (2009)
Antal et al. (2010)
Novakovié et al. (2019)
Novakovié et al. (2019)
Novakovié et al. (2019)
Antal et al. (2010)
Antal et al. (2010)
Novakovié et al. (2019)
Antal et al. (2010)
Antal et al. (2010)
Novakovié et al. (2019)

Toxicodendron vernicifluum

LiY. et al. (2020)
Li M. C. et al. (2020)
Li W. et al. (2020)
LiY. et al (2020)

LiM. C. et al. (2020)
Li W. et al. (2020)
LY. et al. (2020)

Jin et al., 2015

Li M. C. et al. (2020)
Li W. et al. (2020)

LY. etal (2020)

Li M. C. et al. (2020)
Hashida et al,, 2014
Kim et al., 2010

Kim et al,, 2010

Yang P.Y. et al. (2018)
LiW. et al. (2020)





OPS/images/fphar.2020.00989/table1.jpg
No.  Plant species with essential ols
(part used)

Main chemical constituents

References

. Apiaceae
Foenicubum wigare Mil. el (soeds)
2. Cumioum cyminum L —cumn (seeds)

Asteraceao

6. Tanacetum prastertum (Horw) Hopwood
(owers)
Fabaceao

. Trgonata fosrumgraecum L. —enugrock.
(seeds)
Lamiacoao

5. Lavancia stoechas L.—Spanish lavender
(ostia part)

6. Mofssa offcnals L —lemon bam eaves)

7. Moniha x poerta L.~ peppemint aeria
part)

5. Rosmarinus offcnals L.—rosemary aerial
part)

9. Savia sclrea L.—clry sage feaves)

10, Trymus vutgars L —comemon thyme (aeria
por)

Lauracese
1. Laurus nobs L.—laure, bay o (eaves)

Myrtaceae
12, Myrus communis L—myrt foaves)

5. Pistaciacese
Pitacia entiscus L. va. chia—masic reo
(mastic gu)

Ranunculaceao
14, Nigota saic L —black cum (soods)

Rutaceae

15 Gitrs x aurantita (Crisim) Swinglo—
me feaves)

16 Gtns ximon (L) Osbeck—lemon
(pericaps)

O, el So0che:

trans-anethol, 50.0-80.0%; lmonene, 1.4-26.44%: 1torpnen,
10.5%; apinans, 0.4-10.0%; 1,8-Gnedl, 1.0-6.0%.
‘cuminidehyde, 19.26-27.02%; p-meniha1 37, 4.29-
12:26%; 1omineno, 7.06-14.10%; p-cymone, 4 61-1201%.

acthujons, 0-79.45%; camphor, 0.7-37.6%; 1,8-Gnedle, 43~
19.5%; bomylacetate, 0-10.0%; tepinen-4-0, 10-93%

eyt acetato, 17.32%; & inene, 15.063%; Bcaryophytens,
14.63%; goranil, 4.81%; camphor, 16.32%.

Puiogone, 0-40.4%; apinene, 1.0-23.18%; campher, 0-22.4%;
menthol, 0-18.19%; menthone, 0-12.6%; vandubt acetale, 0-
0%

‘gerana, 0-65.42% Gironela, 07-39.6%; neal, 3.28-31.5%:
‘caryophytene 0xde, 0:2-10.26%; eugend, 005-06%
menthol, 31.525; menthons, 18.35%; canone, 13.03%;

‘germacrens D, 0.6-10.60%; geranyl acetate, 3.45-6.85% neo
acelate, 18-3.0%: canyophylene oxde. 050-2.2%.

o), 30-48.29% p-cymene, 2.2-42.8%; lerinens, 03—
30.90%: inaoo, 1.3-12.4%; terpinen-4-0, 0.3-9.5%; canacol,
05-55%

1.8 Gl 24.2-68.82%; - terpineny! acotate, 4.8-18.65%:
methy ugenc, 0:2-16.75%; ool 0.7-16.0%; sabinens, 2.1~
122%

apinone, 8.1-66.7%; 1.8-Groco, 8-07%; myrteny actate, 0.1~
36%: Imonene, 4.1-195%; naod, 0.5-18.4%

acpinene, 58.86-77.10% mytcene, 0.23-12.27%; indool, 0.45-
371%; camphene, 075-1.04%

-oymens, 18.46-52.64% trymoguinone, 0:14-20.7%; canacrd,
0.87-11.5%; atorpined, 5.11-0.72%

monone, 57.84%; neral 7.81%: ndlod, 4.75%; sogerancl,
3485%; civroneta, 2.19%

onens, 53.07-80.0%; b pnene, 8.53%; bomsd, 5.57%; nea,
4.7%: sabincno, 4.18%; Inaod, 370%

Niguol ot o, 2010; Raa ot L, 2012

Can Baser ot al, 1992

Oaok 2018

Hamden tal, 2011

Kemizbekamoz et a, 2000

Fatma otal, 2014
Aodtatt o . 2017
Sayalotal, 2017
Souees and Argyidou, 1997

Bougaetal, 2014

Taban et al, 2018

Zomorodan et 3, 2013

Papageorgou et a, 1991

Ghanavietal, 2018

ocanim ot 1, 2019

Obohetal, 2017





OPS/images/fphar-12-662852/fphar-12-662852-g002.gif





OPS/images/fphar-12-662852/fphar-12-662852-g003.gif
‘gioﬁ&zgii\%ﬂ%;

if%}f%%;gh o

§° nj,ﬁ%; éi?





OPS/images/fphar-12-662852/fphar-12-662852-g004.gif
2 pd

|
|

/ QR‘





OPS/images/fphar-12-662852/fphar-12-662852-g005.gif





OPS/images/fphar-12-653993/fphar-12-653993-t004.jpg
Name according to Cosing

Artemisia dracunculus flower
Artemisia dracunculus herb extract

Artemisia dracunculus lea/stem extract

Artemisia dracunculus oi

Artemisia dracunculus oot extract

Artemisia dracunculus seed/Anthemis nobilis seed/Hypericum
androsaemum seed extract

Description

Flowers of the tarragon plant
Extract from tarragon herb

Extract from tarragon leaves and stems
Essential oil of tarragon

Extract from tarragon roots

Extract from tarragon seeds, roman chamonmile seeds,

and tutsan (shrubby st. John's wort) seeds

Application profile

Skin care agent

Fragrance

Masking agent

Fragrance, skin care agent
Skin care agent

Skin care agent
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Jordan (Showbak)
Jordan
Jordan (Mujb nature reserve.

Cyprus

Jordan (Aloun heights region)

Palestinian area

sl (northern Israe)

Turkey (Marmaris, Mugle)

Palestinelwest bank

Local name

Amiya galbasi = aimiya
vagi

Faskomio, eleifakos

Sage
Sage
White sage

Merameich

Tree obed sage

Sage, clary
Meriamiah
Meriamiah, Miraieh

Spatzia, faskomio

Merarmia, Meirameieh
White sage

‘Adagay, amakeyik,
amageyik

Plant part
Foliage

Herbs

Erial parts

Leaf
Leaf

Leaves.
Foliage

Leat, tip of
shoot

Leaves stems

Leaves.

Leaves.
Leaves.

Leaves.
Leaves.

Leaves.

Medicinal use.

Stomach ache, intestinal gas and inflammation,
diabetes and sexual weakness

For flatulence and constipation for babies. For colds,
cough, stomachache

Hypotension, diabetes, laryngis, pharyngits,
tonsitis, constipation, diarhe, spasmoltc,
anemia, brain stimuant, caimative, depression,
common coid, arthis, har loss, har toni,
stomaiis, oysmenorhoes, stmulant
Hemortages, intestinal disoases and pans
Hemorthages, intestinal diseases and pains
Dgestive system, prostate disorders, ski disorders
Indigestion. Coughs and colds

Stomachache, ftulence, inflamimation, dabetes
and sexual weakness

Febrile condiions (not specified), gastro-intestinal
ract disorders (ienesmus), malaria fever, absent or
delayed menstruation, repelient against arachnics,
insects, snakes, respratory tract iseases (catarth
and common cold, cough), supporting teatment in
pleurisy and pneumonia, wounds

Sedative, for wounds heaing

Astrigent and antdandruff

Spasm, common cold,intestinal gases

Hypotension, diabetes, estrogen action, diarrhea,
dyspepsia, spasmolytic, ant-aging, anti-perspirant,
rain stimuant, depression, and nervous tonic,

Mode of preparation/use Literature
Aninfusion of 50 gin 1 Lis prepared and taken oraly, Said et al. (2002)
150 cc, 1-3 times/day unti improvement oceurs.
Intemally, volatie il is appied on nipples before
nursing to alleviate the flatulence and constipation of a
baby. Infusion, as herbal tea

Infusion, decoction, extemal appiication (iootbath,

message, washings)

Honda et al. (1996)

Haniidou et al. (2004)

- Lev & Amar (2000

- Lev & Amar (2002)

- Al-Shtayen et al. (2000)
Tisane. Taken as needed Dain et al. (1984)

Decoction Azwe et al. (2011)
External (topical appications, baths), oral Lardos (2006)
Syup A-Qura'n (2000)
Lotion A-Knail (1995)

Infusion (50 g in | lof water) is made and taken orally
3 times a day. Infusion is akso prepared with tea by
adding 3-5 g to a cup of tea
Decoction, infusiorvoral (potion), extemal
(Compress, washings)

Hudab et al. (2008)

Karousou & Deimentzogiou
)

aphthae, gingivts, dysmenorrhea, antiseptic, diuretic,

tonic
Antispasmodic

Anti inflammatory gargle, antisepltc, anttussive,
antihaemorrhoids pain, antiheumatic, anti stomach,
disturbances, astringen, carminative, hypotensive.
Indigestion goughs and colds

‘Stomachache, flatulence, cold, tonsilits, laxative,
antipyretic

Darhea

Decoction Abura et al. (2007)
- Ali-Shtaveh et al. (1998)

Tisane s taken as needed
Infusion, int

Dai et al. (1984)
Grdal and Kiltir (2013)

- Jaradat et al. (2016)
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Greece

ran
Cyprus.

Europe

Local name

Diktamos, erontas

Poneh kouhi

Diktamo

Dictamnus.

Plant part

Erial parts

Erial parts

Medicinal use

Diabetes, ver disorders, spasmolyic stomach uicer, cholestero),
brain stimulant, headache, antiseptic, sanatve, duretc,
dysmenorhoea, antibacteral activtes, aphrodisiac, stimuiant
Dyspnea, bronchits, allergy, depression,ich, dementia,
abortiacient

Liver isorders, headache, neuralgia, cough, antiseptic, sanative,
aphodisic, tonic

Diabetes melitus, obesty, disorders of ipoprotein metabolism
and other fidaemias, mood disorders, sexual dysfuncton (ot
caused by organic disorder disease), epiepsy. acute
nasopharyngits (common cold, acute pharyngits (unspecfied),
acute tonsilts (unspecifd), gingivis and periodontal diseases,
other specifed disorders of teeth and supporting structures
(toothache NOS), gastric uicer, gastrts and duodenits, diseases
ofliver, xerosis cuts, inlammatory polyarhropaties, pain njoint,
acute nephic syncrome, renal tubvle-intersttal diseases,
caloulus of Kcney and urete, disorder of urnary system
(unspecfid), absent scanty and rare menstruation, pain and
other condiions associted with female gental organs and
menstrual cycle, dysmenorthea unspecified, spontaneous
abortion, long labor, cough, headache, convwisions (not
elsewhere classified), multple superficial njuries (unspecifiec),
‘muliple open wounds (unspecified)

Mode of
preparation/use

Infusion, external application (washings, compress)

Decoction

Infusiorvoral (potion), external (compress)

References

Haniidou et al. (2004)

Naghivi et al. (2005)
Karousou and Deimentzoglou (2011)

Martinez-Francés et al. (2015)
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ptm Leawes  Headache Tea (Papp tal. 2014)
eppal.  Rools  Soratrvoal, espiatory dseases Tea (Forasou ot ., 2017)
Sesds  Cough, gastrntestioal dsordrs () Tea (Papp etal. 2011 Pagp.
etal, 2017)
Leaves, Sk dseases (acne, demaits, iy scalp ssbonhea, dopeci) Decocton (Gleactal, 2018)
roots,  Antimicrobial efect (Segneanu ot 1, 2019)
Seads.
Rools  Expectorant, anftussie, emolien, duselc, antfammatory. digestive renal Decocton (Ttactal, 2009
disorders, Cough, bronChs, wounds, sores
Euphoba  Aeial  Alopecia, dermats Homeopatc remedies (Parv, 2000; Glca o al.
cparssas  pats 2018
i
Eyngum  Rhizomes  Detoxiying, Guxet, Gatizng, eupeptic caminatve, secaive, abdominal  Decoction (Traetal, 2009
campeste distenton, rinary ihasi, anorexia, gastic e, convsive cough, viounds.
B
Fuvex  Heb  Preumona Cateplasm (Papp tal, 2011)
acstoseia L. Leaves  Warts, brsses Poutics (@utua, 1979)
Veatum  Roots,  Demmaiti, scabes Ticture (Parv, 2000; Glca o .
abum L. hazomes Antiammatory, antspastc, anibacteral, hypolensive 2018; Segneanu et al.
2019)
Xanthum  Aedial  Rabies, byperthyroidism, prostte adenoma Decocton (Parw, 2000)
sprosum L. parts
Xanitiom Durete 2% tnctureof the cocklebur  (AGbekova ol 2016)
stumariom gem
C Bladdor and wetrva disaases. ‘Adenostop™ bl prockct  (kimaki 1 al. 2015)
{squeeze of the cockiebur spi)
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prtim ppa L. Gasen Repubic Roots Adhant ey in aetes Hooa Europaan Modcne
Agency, 2011)
Esona Fools Goncerreatment Hovatea (Sok ot 2014
Russia Roots ‘Cancer treatment, antioxidant actiity. Flor-Essence™ herbal tonic. (Tamayo et al., 2000)
ntsios,decoctors, oects o (Specknov, 2008)
ncurs
Lees Sk wounds,dematoogial dsordes  Crde Wamodovot s,
2009
U Lees Hoadaern Frosh or e (Stukane and Pecen
Poots Koco ach,raloss ntsion 2010
Bood ceansng Tea
Boswa and Horzogowa, Loaws Wound hoaing Powcerorbood in ik Gt 2018)
S, Kosono
Kosowo. Aecial parts  Gastrointestinal disorders, bronchiis, Decoction Mustafa et al, 2012)
iontic
Bugara Roos Diets, uoor Oocoction Lopocati snt
anchova, 2006)
Cactasruans Kosovo — Extacted with coxtwterfor 10 (st ot . 2012)
C and henused 5 00
Turkey Soods  Liwrdsamos ntsion Gkt ata, 2017
st
oot Kosowo Som  wans Frosh ks opcabyoried  (Musiaa 11, 2012)
opassisL.
Eyngium Bugaria. Roots. Diuretic. spasmoiytic, prostatitic Infusion’ {Leporatt and
campestoL.. anchern, 2000)
Turkey Aedaland  Anlitussive, Guretic, appetite-stimulant,  Infusion. {Wang, 2012)
ootpats  sman, and oo
Rool | Vureeay Powcered (orema) o and Ot
Lot Cameavo.jundon Oococton 2011)
Roots  Anammaton Cusred (et
2019
prrgum Kosovo Lees  Antibctedl, dursic Oococion Musiata ot o 2012)
aquiinum (L)
K
Rumex acoossla Fussa Roots Sk wounds,dermatoogicad dsordors Powder amodov s,
C 2009
Toskey ot Aoscoss Pounded foroma) (Atudag and Ozt
Hob  Stomcnc ema 2011
Veratum aoum Bukara Roos  Hypolensvo Trto Loporat and
N anchorn, 2000)
Kosoro Loaws  Aion Oococion st of o 2012
o Russa Wholapant  Hepatopoecor, pumonary and wienss  Inksions, decocions, oects,  (Speconov, 2009)
stumariam L. cancer tnciues
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Total phenolics (mg GAE/g Dw)  DPPH (CSOmg/mL)  FRAP (mg TROLOX/g Dw)  Flavonoids (mg RUTIN/G Dw)

sion Leaves 3022 200890 792992 + 20068 75926 5 14940 7.221 201640
Flowers 80190173 267891 2 16300 199374 2 1,364 32004 20163
Decocton  Laaves. 1396 £ 00180 605535 29,1462 96,418 £ 37750 3604 20,008
Floners 3972 +0031a 404995 2 68840 159.720 £ 307%a 9961 20,188
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Compound

Thvjone
aPien
Camphene
Sabinene

pPinene

pttrcone

o Pretancens
aTerpnene

o Cymene.
pPnetancrene
Eucalyptol
Benzeneacetaldeyhe
Terpnene

Ois Sabinenehydrate
T octanct
Terpingene

vans Sabineosrydrate
Nooanal
a-Campholenal
vans Procaneol
rans Verbenol
Procarvone
Terpen-d-c
Cryptone
o-Terpineol

Myrtenol

Cumin aderye
Canvone

Tymal
B-Caryophyllene
ocHnuene
Caryopnylens ide
Humuene eposide
Campnor ks

14 Hydroxy-B-
caryophylene

14 Hydroxy-a-humulene
Tot dentied
Monoterpencs

R

926
%33
018
o718
o7

1004
1017
1024
1029
1031
1041
1058
1086
1067
1089
1100
1104
1127
1139
143
1163
178
1187
1191
1195
1241
1244
1299
1425
1462
1587
1607
1636
1666

Leaves

0677200160
11.924 2029
0018 20,0000
5404 20,0908
4979 200910
0773200080
189100172
0061+ 0.001a
0.405 £ 0.004a
25.114 03258
0017200172
001220006
0153+ 0.0022
0,095 £ 0.002a
004920003
0053+ 0.001a
0030 £ 0.001a
0350.£0002
00212 0,00
0015200000
0028 £ 0,002
0012 20,0080
0.130 £ 0,082
0.160 £ 0.002a
0454 + 0,008

0175200022
013820053
225525 + 00262
0890200112
825 0.149%
017720010
0219 0.0232
0884 £ 03272

38062 0.1732
98956 = 0,080
51.452 10,8360

23.415 £ 0,028
1109 2 00480

22,188 + 06582
0791 2 0.027a

Flowers

0847 £ 0.0022
37.97 £ 02942
0,084 £ 0.001a
5580200172
146712005
1.016 £ 0.005a
1,677 £ 0,006
0110+ 0.0272
0463 = 0.0262

25818 + 0.056a
0042 £ 0.021a
0205+ 00442
0,083 2 0,003
0,040 £ 0,003
0,037 £ 0.0053
0,081 20,0033
0.114 20,0062
0.142 £ 0.0072
0075 £ 0.003a
0.140  0.0062
0.069 2 0,004
0500 + 0.0083
007420005
00232 0.001b

003420018
6836 + 0,056
0176200111
1,498 + 0,036
0,063 0,008
1,388 2 0,069

0,108 1 0,060
99864 %0024
88362 + 0.240a

7.012 20,0638
1,344 2 0,043

2.995 10,158
0.131 2 00105

“Components isted in xdr of siton rom a Zebcn Z6-5 caplary cotumn
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Minerals

Flowers Loaves
N (g Dw) 144320152 129120200
K /g e 1573 2 0.400 284020140
P (kg Dv) 400008 3492 008
Mg (g% D) 2542005 20420130
Ca (ghg Dn) 146520470 20132040
Na gk D) 05520010 20120142
Cu (mg’g D) 64952 86% 11300 7,608
20 (kg v 621223778 5979 1672
Fo (mikg D) 15377 2 14960 39887 £ 2028

Nutritional Value
Flowers Loaves
Ory Mater () 2875+ 009 201910140
Nosture (%) 71242030 7080 2 0142
o) 64710080 172120208
Proten (%) 9022000 8061012
Tota Fats %) 3852006 1.78 0870
Carbanyarates () 806520182 72002 132
Energy (eal 1005 Dv) 3335029 33588 2 18,116
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Area Local name Plant part Medicinal use. Mode of Literature

preparation/use
srael (Golan heights and west Foliage Heart diseases, paralysis, dabees, track  Aninfusion of ne tsp foiage na cup of water s Said et al. (2002)
pank region) pain andinflammation andrespialory system  made and taken 1/3 times/day untl
improvement occurs
Turkey (west Anatolia) Kekic Herbs For cough colds, stomachache Internaly, infusion, tea, 3 days on empty  Honda et al. (1996)
stomach
Jordan (northern Badia regior)  Zater eresy Leaves Heart and respiratory ciseases, diabetes,  Infusion Azweri et al. 2011)
inflammation and used as ubefacient
Plestiian area Thyme - Respratory and rinary digestive systems - A Shtayeh et al.
and infammetion (2000)
srael - - Cardiovascuiar system and digestive system - Paleitch et al
(1986)
The levant counties Headed thyme - Internal iseases, eye diseases, stomach - Lev (2002)
intestine
Jordan Conehead thyme Branch Digestive system, respiratory system - Lev and Amar (2002)
Oyprus Conehead thyme Aeral parts Respiratory tract diseases (catarth and - Lardos (2006)
‘common cold)
Jordan (Showbek) Thyme Aeral parts Antispasmodic Syrup A-Qurain (2009)
Jordan - Leaves Pectoral stomacic,and to eat urinarytact  Infusion Aknal (1995)
infections
srael (porhern Israe) - Leaves Heart disorders. Sweling and drops. Tisane. Taken as needed decoction. Used s Daini et al. (1984)
Indigestion. Local paralysis rink for 40 days. Stear-bath. Treatment is
given for a duraton of a month
Spain (Barros area, Badajor  — Leaves Disestive, toric, caminative - Vazquez et al. (1997)
province)
Oyprus Thvourpin, agrio thymari  Flowering herb, flower, leaf Respiratory ract Tea, chew Lardos and Heinrch
013)
Turkey Bl kekikbal keldgi, zahter, Eril pats, flowering branches,  Diabetes, analgesi, Pharyngitis, cold, fl,  Drink oneteacup2-3 times a daylord—4 weeks/ Sargin (2015)
beyazkekdk esssenta ol,, fixed ol pleasureand medicinal tea apply 2-3 timesadayfori-2 Weeks i, Ex0.Lo,
Lpw.Spc
Egyot (Snai perinsue) Zaatar, Hasha Flowering tops, leaves Infusion as anaigesic, sedatie, cigestive - Eissa et al. (2014)

diseases, spasms, vomiting, latulence. Liver
diseases (auncice)
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Polyphenolic compounds. Monitoredion (m/z)

Catoohin
Syringi acid
Protocatequic acd
Vanic acid

okios FEort Hob meon = St Coue

o7
153
167

<0001,

Retention time (min)

602000
842000
282005
672007

‘Goncentrations (ug/g lyophilized extract)

™w

6512002
108,14 20.10°
20678 041"
27065 2 084"

™G

965.2001"
5407 2.000°
480692 1 085"
6727 20.12"
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Samples. ™C ™0

TPC (mg GAE/g daw) 61.993.2031" 59,890 £ 042
TFG (mg RE/g d.w) 20.9630%2" 16692 £ 051"
TPA (mg RAE/g dw) 265122031 25484 2 025"

Each value reprosents the mean = standard doviations of throe independent
measurements, 'p < 0.001, *p < 0.05.
GAE. Galic acid equivalents: RE, Rutin equivalents, RAE, Rosmavinic acid equivalents.
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Substances

Thymol/carvacrol
Carvacrol/p-cymene
Thymol/p-cymene
Carvacrol/thymol
Carvacrol/thymol
Carvacrol/thymol
Carvacrol/1 8-cineole
Thymol/carvacrol
Thymol/carvacrol
Carvacrol/20 substances
Borneol/20 substances
Camphor/20 substances
Thymol/carvacrol
Carvacrol/thymol
Carvacrol/thymol
Carvacrol/thymol
Carvacrol/p-cymene
Thymol/p-cymene
Thymol/carvacrol
Carvacrol/cymene
Carvacrol/p-cymene
Thymol/carvacrol
Carvacrol/cymene
Thymol/carvacrol
1,8-cineole/camphor
Carvacrol/1 8-cineol

1,8 cineolterpinene-4-ol
1,8 cineol/camphor
1,8-cineol/carvacrol
1,8-cineol/caryophyllene oxide

Biological activity

Antigenotoxicity

Antigenotoxicity

Antigenotoxicity

Against pathogenic bacteria

Against thipicephalus microplus, R. sanguineus (Acarixodidae)
Cytotoxicity

Inhibition of staphylococcus aureus
Antibacterial - against Brachyspira hyodysenteriae
Against dermacentor ritens (Acari: Ixocidae)
Against culex quinquefasciatus (mosauito)
Against culex quinquefasciatus (mosquito)
Against culex quinquefasciatus (mosauito)
Against cisplatin — induced nephrotoxicity
Against culex pipiens pallens (Diptera: Culicidae)
Against enterococcus faecalis

Antimicrobial

Antimicrobial

Antimicrobial

Against E. col

Against listeria monocytogenes

Antivacterial

Antioxidant

Antimicrobial

Antibacterial

Insecticide

Against staphylococcus aureus

Against botrytis cinerea

Against trichoplusia ni

Antibacteria

Anticholinesterase

Interaction

Synergy
Synergy
Synergy
Synergy
Synergy
Synergy
Synergy
Synergy
Synergy
Synergy
Synergy
Synergy
Synergy
Synergy
Synergy
Synergy
Synergy
Synergy
Synergy
Synergy
Synergy
Synergy
Synergy
Synergy
Synergy
Synergy
Synergy
Synergy
Synergy
Synergy

References

Quintero Ruiz et al. (2017)
Quintero Ruiz et al. (2017)
Quintero Ruiz et al. (2017)
Kissels et al. (2017)
Avatijo et al. (2016)
Coccimiglio et al. (2016)
Honorio et al. (2015)
Maele et al. (2016)
Novato et al. (2015)
Pavela (2015)

Pavela (2015)

Pavela (2015)

EL-Sayed et al. (2015)
Ma et al. (2014)
Gutiérrez-Fernandez et al. (2013)
Guarda et al. (2011)
Custodio et al. (2011)
Custodio et al. (2011)

Pei et al. (2009)

Periago et al. (2004)

Burt (2004)

Vardar-Unli et al. (2003)
Uttee et al. (2000)

Didry et al. (1994)

Tak and Isman (2017)
Honorio et al. (2015)

Yu et al. (2015)

Tak et al. (2016)

De Sousa et al. (2012)
Savelev et al. (2003)
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FL-no

04.031
03.001
01.007
01.002
01.020
02.016
02.014
01.008
02.085
02.085
02.013
07.215
02.230
02.072
04.006

16.043
08.014

Substance

Carvacrol
1,8-cineol
p-caryophylene
p-cymene

y-terpinene

Borneol

a-terpineol

p-myroene
cis-sabinene hydrate
trans-sabinene hydrate
Linalool

Camphor

S-terpineol
Terpinen-4-ol

Thymol

S-terpinyl acetate
Caryophyllene oxide
n-hexadecanoic acid

CAS-number

499-75-2
470-82-6
87-44-5
99-87-6
99-85-4
507-70-0
98-56-5
123-35-3
546-79-2
546-79-2
78-70-6
464-49-3
8,000-41-7
562-74-3
89-83-8

1,139-30-6
57-10-3

JECFA-number

710
1234
1324
1325
1,340
1,385

366
1327

441

441

356
1,395

439

709
1575

115

CoE-number

2065
182
2,118
620
11,025
64
62
2,197
10,309
10,309
61
140

2,229
174
10,500
14

Restrictions of
use

References

EFSA
EFSA
EFSA
EFSA
EFSA
EFSA
JECFA
EFSA
JECFA
JECFA
JECFA
EFSA
EFSA
JECFA
EFSA
EFSA
JECFA
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Compound

1,8-cineol (eucalyptol)
Cineole.

Gineole.

Cineole (eucalyptole)
Cineole.

Cineole.

1,8-cineol (n eucalyptus of)
1,8Cinecle.

Symptome

Anti-inflammatory activiy in bronchia asthma

Acute nonpurulent rhinosinusitis

Acute non-purlent rhinosinusitis

Chronic obstructive pumonary disease

Asthma

Acute bronchis

Pain and inflammatory responses ater total knee replacement
Preoperafive aniety

Clinical trial

Double-bind placebo-controled trial

Double-blind, randomized, placebo-controlied tral
Prospective, randomised, double-binded controlled study
Placebo-controlled double-bind trial

Placebo-controlled, double-bind tral

Placebo-controlled double-bind trial

Randomized clinical trial

Randomized clinical tral

References

Juergens et dl. (2003)

Kehr et al. (2004)

Tesche et al. (2008]

Worth et al. (2009)

Worth and Dethlefsen (2012)
Fischer and Dethlefsen (2013)
Jun et al. (2013)

Km et al. (2014)
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Monitoredion (m/z)

Polyphenolic compounds.
Gentiic acd 158
Cateic acid 19
Cricrogenic acd 353
p-Coumaric acd 163
Foruic acd 198
soquercin 63
Rut 09
Rosmarnic acd 360
Quercirn a4
Quercetin 301
Luteoin 285
Kaemplor 285
Apgenin 279

o s B T

<D0

Retention time (min)

3692000
5601004
6431005
9481008
1282010
20202010
20762015
2082016
23642013
27551015
29102019
3248017
33102015

‘Concentrations (ug/g lyophilized extract)
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absosssed and infamed skin paces/area)

R (- astra)

O (: dathea)

X: (: ncreasad vaginal discharge with no icions)
K 0 for hemarhois, against teeding)

S: (€ stimuates hai rowth against i koss and
dandeuty

L E: theumatom, scatca and neuraiga)

D : i antisarhea agen, for acute enteroocks
adute)

U (: dureic)

T: (s dabetes)

U : iretic, eatment of Kekny and biadder
tammaton)

ataony for 0ot
P {: caming ofnenvous system)
O (: cominative)

K:(: benefical efect on heart)

E

El
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Scientiic name, local Serbian
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pcniea milolum L.
nafdudka trava, spor, hidciea,
psteracono, IPLEGG/1S

Arctostaphyfos warursi (L)
Spreng..

mecdvede grozte, ua,
Bicacoae, PLB17/14
purmoaca ustcana P.Goort..
B May. & Scherd, hven, ren,
Brassicacoo, IPLBIENG
pronia metnocarpa (Micnx)
ot

aronda, Rosaceso, PLBS/13

potemisia absihin L., bei pe,
psteraceae, PLBITNG

Bota wigars L.,
v,

pamaranthaceao, IPLBST/14
Brassica igra (L) K. Koch.,
crma satca,

Brassicacose, IPLBIYS
Cakrct oficinais L,

rovon, Asteracose, IPLBSY 13

Camea sinonsis L Kunizo,
zoen &, Theacese, IPLBI-T/13

Capsicum amuum L
crvena pagria, Soanaces,
gl g

Partls)

Hoio

Leat

Leat
Fut

Fower

Flower,

Horb

Leat

Ft

Medicinal use® Preparation
form

0:8:oss of appette. ituson,

stomach disordrs, ver Tocte.

problems)

R4 (: cough and o)

U:1(: ronal complains)

K:2 (: ruation improvement,

aganst bemontoids and

paptatons)

51 (€ aganst wownds)

0:2(: digestve probiems,  Decocton

uoers)

T: 2 (: gh lpid vl Fresn

0:3: stimuation of dgestive  Fresh,

system) Toctre.

T: 1 (:souce ofviamin ©)

R 11 covgh) Macerate,

U:1(: iy tact ifctons)  nsion

0:1(: dgestve compiants)  Spice

U:3(: oy tactiotions)  nfusion
Compress.

T 1 (s Gavetes) Fresn,

K10 hghbood pressure) s,

8:3(: anomi, weskonod  nsion

mune system)

0:2(1: gasiontestnal and ver  nfusion

compians)

U:1(:rons complaints)

81 (: anomi) e,
Fresn

:1(: ver complains) Decoction

T: 1 (s Gavetes)

L1 eumatism)

-8 (5: against bums, wounds  Fat based

and sin complants) oniments,

0:3(: digestve and ver nfsion, tnoure

compiants)

K 1 (€ vein problms)

L2 € bone pain)

T 4 (- dotoxicaton, intuson,

antioxant) compress

16 bums)

K 10: igh bood pressure)

L1 € theumatism) Compress.

"Medical use according to Tucakov
(Tucakov, 1997)

D tonic, stomacic, anispasmodic, excessve
intetinal gas and fltuence, chvonic constpaton and
gastones

R bronchil asthma, febriuge

Ut kidney stones.

K: hamarthoids

S wounds and stab wounds

X:emmenagogue

D:improving appete, Ggeston, against coic,
arthea and intestndl gas
R bronchits
0 (: aganst darthea and prasies)
K: (:hear pain)
A : maaia, aganst typhus and nectous Gseases.
that are resuls of foods)
(E: headache, unconsciousnass)
: € for ki cisoases, agansthai ss)

Data on or 0ot
R (s infammation ofrespratory act)
X: (€ fushing of gental vact)

G (s against carhea)

G: 0 beter igeston, against iatunce)

R (€ bronchits, mid preumonia)
L € thoumatsm)

St E:scay tinea, impetgo, wounds and skin ucers,
e and wasp stig)

X.{:ireguia menstrua bloeding; : vagioal rigaton)
D {: tomach, gut and galbiadder diseases)

. (: antdote i cases of akalods and heavy motas
poisoning)

D: 0 for some stomach diseases)

U (: mid Gureic)

0 improves digestion, stomach pain)

P (: doonotsm)

Number
of use
roports

16

2

"





