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    The use of a "phytocomplex" instead of a monomolecular drug is what characterizes modern herbal medicine in the field of medical disciplines. The official definition is given by the World Health Organization (WHO), the European Medicines Agency (EMA) and the Italian Medicines Agency (AIFA) focuses on the use of medicinal plants and their preparations for therapeutic purposes without highlighting any distinction within official medicine.




    This concept has always supported the use of medicinal plants for the treatment of numerous diseases. Since prehistoric times, when the casual use of leaves, roots, or seeds had shown useful effects for the healing of wounds, lowering fever or reducing pain, up to Paracelsus who, in the early 1500s, criticized the medical thought of the time and promoted a philosophical vision of nature as the custodian "of the cure for every disease". Paracelsus argued that the healing powers contained in nature had to be found and used, and identified it in plant extracts, containing the "quintessence", the true strength of the medicine capable of healing. With the birth of the scientific thought of Galileo and Newton, a new phase began, where the phytocomplex was gradually replaced by single isolated active ingredients, up to the synthetic pharmaceuticals with the creation of acetylsalicic acid in 1897.




    The observation of some iatrogenic reactions and the simultaneous birth of nutraceuticals in 1989, led at the turn of the new millennium to a rediscovery of the preventive and curative power of plant species, first food and then medicinal, much appreciated by an increasing number of "consumers". In turn, this induced the pharmaceutical industry (especially with food supplements) and the whole world of research to focus on the phytochemical and biological characterization of a large number of plant species and phytocomplexes, in full compliance with the original definition of phytotherapy mentioned above.




    This has led to an incredible increase in the scientific production that revolves around compounds of natural origin, whose pharmacological aspects have been highlighted, which has at the same time allowed the development of new extraction techniques, on the one hand, and new clinical applications on the other.




    The historical passages described above, far from being just a trace of the past, often represent the starting point of a study that finds a basis for the scientific investigation in the traditional uses. In accordance with the principles of modern pharmacology, this has often allowed not only to confirm the therapeutic activity of plants and plant extracts traditionally used in ancient medical treatment but also to expand this use by assigning the spectrum of action of medicaments (phytocomplexes) which are polyfunctional both for their various chemical composition and for the extraordinary biological potential of many natural compounds. An increasing number of studies are aimed at elucidating the activity of isolated compounds, such as flavonoids, alkaloids, or terpenes, but above all phytocomplexes, the joint action of several compounds represents an interesting synergism of action. This means that far from being an interesting but outdated chapter in the history of medicine, phytotherapy is the most widespread therapeutic method in the world at any latitude, so much so that it is part of the strategic program of the World Health Organization "Health for all".




    The need to increase the level of scientific development regarding the use of medicinal plants, not only for medical personnel, led to the enormous development of herbal medicine. If we use this term as a keyword on a search engine like Pubmed, we find that almost 6,500 scientific articles are published in indexed journals, and this number becomes triple if the keyword is natural compounds. However, scientific journals often do not have a widespread circulation capable of satisfying the need for dissemination of the great wealth of research produced. In this context, this publication aims to present a path made up of specific examples, which presents the entire (or almost) reference framework on the use of medicinal plants, starting from the path that leads to the traditional use of a plant species such as Heliotropium to have a scientific validation allowing to include it among the most interesting species in the phytochemical field, due to the many traditional uses, but also for the particular phytochemical composition and the potential applications. However, the use of natural compounds is not only limited to phytotherapy. This is the case of essential oils which, depending on their preparation, but above all on the part of the plant used, have different phytocomplexes that lend themselves to different uses, from therapeutic applications (such as in aromatherapy) to food.




    Nevertheless, essential oils represent a varied world, made up of many variables and characteristics, both from a phytochemical and a biological point of view. Hence, a lot of research has led essential oils to be evaluated also for more specific therapeutic purposes such as those related to cancer. The model proposed for the application of essential oils to leukemic models is of absolute interest as well as being a replicable model for other cell lines and pharmacological insights.




    The individual components of essential oils also proved to be of interest. Rosmarinic acid is presented here, as a compound widely present in many plants and which, due to its phenolic nature, has an interesting spectrum of activity on a wide range of diseases.




    Among the biological activities ascribable to many officinal species, the antimicrobial one has particular importance, not only for the validity certified by the wide traditional use but also by numerous studies that have recently led to the characterization of both single active ingredients and phytocomplexes, in which the synergies of action are particularly interesting.




    Of course, the study of single compounds (isolated or identified in phytocomplexes) requires important technological insights. An application example is presented here, to demonstrate how new technologies, such as the combination of liquid chromatography (LC) with high resolution mass spectrometry (HR-MS), allow to characterize the important terpenic compounds of the genus Astragalus.




    The study of the chemical and chemical-physical characteristics of natural compounds requires rapid, effective and, possibly, inexpensive experimental models. This publication presents the nematode Caenorhabditis elegans model, useful for the evaluation of the antioxidant and neuroprotective activity of compounds and extracts of plant origin.




    Finally, a reference to the bioactive compounds present in foods could not be missing. Nutrition is closely related to maintaining good health, thanks to the presence of active ingredients in many foods. Here, olive oil was considered, as it is the subject of numerous studies focusing on the phytochemical composition (mainly fatty acids and polyphenols) and clinical trials assessing its health benefits. The focus on hydroxytyrosol (HTyr) is representative of one of the most relevant compounds with phytotherapeutic activity.




    Overall, therefore, this publication stands out as a real guide towards the scientific validation of the use of plant species, compounds and phytocomplexes in phytotherapy.
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    Plants provide food for a large part of the human population and are an important source of carbohydrates, oils and fats, proteins; in addition, wood and fibers and their derivates obtained by human technological findings are widely used as basic components of our life.




    The plant uses come from the past. Since ancient times, humans were able to colonize continents and live in regions having different environmental conditions in which different species of plants were present. Humans learned to use them as foods, tools to survive in the environment and treatment for ailments and health problems with the consequence that different cultures of interaction and use of plants developed and contributed to established practices of traditional medicine. The pharmaceutical properties of plants interested scientists and the progress of science occurred over time, with the consequence that a large number of molecules were identified and characterized. Such molecules, known also as Natural Compounds, were named Secondary Metabolites, mainly present in plant cells and tissues, and playing fundamental roles in plant reproduction and defense from predators and competitors in the environment. With the improvement of science and technology, a large number of plant derived pharmaceuticals have been developed and are presently in the market. Nowadays, a detailed investigation of biodiversity and a careful evaluation and validation of the practices of traditional medicine are associated with an intense research activity in progress in many countries for discovering new plant bioactive molecules potentially useful for new pharmaceuticals for humans, domesticated animals and agriculture.




    The study of Natural Substances is an exciting way to learn biology and investigate bioactive molecules for possible applications in different fields. This book, the first of a series of three books, provides a collection of chapters on different plant molecules both in terms of their biological functions in the plant body and applications, especially at the pharmaceutical level, and aims to stimulate further interest in the search for new findings from plants. The chapters are written by leading scientists in their respective fields of interest and provide an up-to date review and future perspectives on each topic. Throughout this book and the other books which will consist of the series, students, teachers, health care practitioners and researchers interested in the study of secondary metabolites will get a useful background for their respective interests.




    We wish to thank our colleagues from different universities and countries who encouraged us in the organization of this book and Prof. Giancarlo Statti for the foreword. A special thank also to the Bentham staff, who supported and accompanied us along with the development of the book.
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      Abstract




      The genus Heliotropium is formed of herbaceous plants belonging to the family Boraginaceae. In Chile and around the world, many Heliotropium species are commonly used in traditional and complementary medicine to treat various diseases. Members of this genus are also recognized for unique biosynthesized phytochemicals, mainly terpenoids, phenolics and alkaloids. Due to important phyto-constituents, as well as their therapeutic potential, many Heliotropium species have been subjected to chemical, biological and pharmacological investigations. This review details the many ethnomedicinal uses for Heliotropium, with an emphasis on Chilean species, and analyzes their scientific validation based on the chemical constituents and pharmacological properties of Heliotropium reported in academic publications. In addition, we discuss the critical conclusions, as well as some suggestions for future phytochemical and biological studies with Heliotropium species.
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      INTRODUCTION




      Heliotropes are herbaceous plants that belong to the Boraginaceae family, and the subfamily Heliotropiaceae. Its name is derived from the Greek “helios-”, sun and “-tropium”, turning; thus, the name heliotrope evokes the ancient belief that inflorescence is oriented toward the sun [1].




      The genus Heliotropium is made up of about 300 spp [2, 3]. Some heliotropes are popular garden plants and others are considered weeds [4]. They can be found in tropical, subtropical and temperate zones across all the continents [2, 5]. Neotropical representatives cover only 50 to 60 species. Members of both




      sections, i.e. Heliotropium sect. Heliothamnus I.M. Johnst. (Andean, approximately 11 spp.) and H. sect. Cochranea (Miers) Kuntze (Atacama Desert, 17 spp.) are long-lived shrubs between 0.4-4.0 meters tall. The roughly 25 remaining species are quite divergent in their vegetative morphology. These species include small annual sub-bushes with succulent leaves (H. amplexicaule Vahl) (e.g., H. paronychioides A. DC.), halophytic, clump-forming plants with massive roots (H. curassa- vicum L.), perennial herbs with root-tuber (H. microstachyum, Ruiz & Pav.), and decumbent perennial grasses with extensive shoots, abundant rooting and creeping (H. veronicifolium, Griseb.) [2].




      The genus Heliotropium L. Sect. Cochranea (Miers) Kuntze is composed of four main lineages, three of which have their center of diversity in South America. According to its geographic distribution, it has been suggested that its origin could be related to the Andean uprising and the formation of arid environments in South America [6]. In Chile, H. stenophyllum (Hook & Arn) is distributed from the Atacama Region to the Metropolitan Region of Santiago, inhabiting arid to semi-arid zones, from the coastal zone to the interior valleys. It is a very bushy shrub, with rigid dark green branches and linear leaves covered with hair on their underside, alternates, sessile, and amphistomatic. Flowers are small (5 mm long), and disposed in terminal scorpiod monchasia (boragoids [7]). Calyx lobes are linear lanceolate, partially fused. The corolla is infundibuliform, exceeding the calyx, white with a yellow throat. A protuberant nectar disk at the base surrounds the ovary. The style is elongated. The gynoecium is glabrous. The stigma is elongated into a conical structure with a basal receptive area, which is typical of Heliotropiaceae. It can reach up to two meters in height (Fig. 1).
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Fig. (1))


      Helitropium stenophyllum (Palito negro) (a) Flowers, (b) shrub.



      There are varied ethnomedicinal uses for the different Heliotropium species. In general, they are used to treat skin diseases, poisonous bites, venereal diseases [8], renal, hepatic, and osteoarticular disorders [9], as antimalarial agents [10, 11], and for treating cancer [12]. Certain species are characterized by living in arid zones and being exposed to extreme environmental factors. For these reasons, they produce resinous exudates that cover the leaves and stem, secreted by special glands called trichomes. The resin is principally composed of terpenoids, lipids, waxes and flavonoids, which act as a protective barrier against high temperatures, UV radiation, water scarcity, herbivores and pathogens [4, 13]. Previous studies have attributed this resistance to the antioxidant, antimicrobial, antiviral and antifungal properties of the components of this resin [13], which are rich in secondary metabolites, with potential therapeutic uses due to their relevant biological activity. In this context, anticarcinogenic activity has been registered in compounds extracted from diverse plants around the world [12, 14-16]. For example, H. indicum is rich in pyrrolizidine alkaloids (PAs) [4], which are of great pharmacological, biological and chemotaxonomic interest, and have been isolated from a wide variety of plants, especially from the Boraginaceae family [17]. Within this group of anticarcinogenic alkaloids, the most important is N-oxide [18], as well as acetylindicine, indicinine, heleurine, heliotrine, supinine, supinidine and lindelofidine. This review examines the different ethnomedicinal uses of the genus, with an emphasis on Chilean species, and analyzes the scientific validation of said uses based on its chemical constituents and pharmacological properties as reported in academic studies.




      

        Ethnomedicinal use of Heliotropium Species




        Throughout human history, plants have played an important role in the health traditions of essentially every culture around the world, featuring in a wide variety of treatments, many of which may be incomprehensible by modern Western societies. However, these healthcare alternatives can be as valid today as they were 5,000 years ago [19]. In this regard, the World Health Organization (WHO) has estimated that more than 80% of the global population depends on medicinal plants to meet their primary healthcare needs, and that much of Traditional, Complementary and Alternative Medicine (T/CAM) involves the use of plant extracts or their active ingredients. As such, medicinal plants are a valuable natural resource contributing to disease treatment and prevention through T/CAM, especially in developing countries (up to 80% in African countries, 71% in Chile, and 40% in Colombia and China) [20-22].




        It is estimated that there are around 298,000 species of plants on the planet, of which 215,644 have been cataloged and 20% probably have medicinal potential that is important for human health [23]. Additionally, it is estimated that close to 60% of pharmaceutical drugs worldwide come from the vegetable kingdom [24]. However, there has been a significant loss of traditional knowledge regarding medicinal plant use in many developing countries, conserved mainly by oral transmission from one generation to the next. Furthermore, the availability of such plants has been reduced by deforestation, conversion of forests to agricultural fields and monoculture tree plantations, market influences, globalization, uprooting of native lands [25, 26] and lack of access to traditional gathering environments [27-31].


      




      

        Heliotropium indicum and Other Species used in Traditional Medicine




        Various Heliotropium species are still used in traditional medicine around the world to treat a wide range of diseases (Table 1). Among the best-known representatives for their ethnomedicinal and medicinal uses is Heliotropium indicum (Linn.) [4]. In fact, in India, it is used to treat skin diseases, poisonous bites, stomach pain and nerve disorders [32]. In some African countries, it is used to treat malaria, abdominal pain, and dermatitis [10]. In the Philippines and Senegal, it is used orally as a diuretic to treat kidney stones [33, 34]. In Jamaica, the decoction of the entire plant is taken orally to treat sore throat, fever, ulcers, and venereal diseases. Externally, it is used in the vaginal cavity to induce abortion in pregnant women and is administered rectally to treat local pains in the rectum [8]. In South America, H. indicum is used as an antimalarial and biocide for control of the malaria vector in some parts of the low jungle in the Peruvian Amazon [11], and it is also used to treat cancer [12]. A study on the ethnomedicinal uses of native plants used by the traditional communities of Pernambuco, Brazil, reports this species in the treatment of influenza, headache, edema, inflammation, and vision problems [35].




        

          Table 1 Ethnomedicinal uses of Heliotropium species around the world.




          

            

              

                	Heliotropium Species



                	Ethnomedicinal Uses



                	Location



                	References

              


            



            

              

                	H. curussauicum



                	- Gout


                - Rheumatism


                - Neuralgia


                - Atherosclerosis


                - Renal and hepatic disorders


                - Myalgia


                - Phlebitis


                - Osteoarticular and


                cardiocirculatory disorders


                - Varix and other illnesses



                	Argentina



                	[9]

              




              

                	H. ellipticum



                	- Ulcers


                - Earache



                	India



                	[143]

              




              

                	H. europaeum



                	- Antipyretic


                - Cholagogue and Emmenagogue


                - Cardiotonic


                - Anthelmintic


                - Headache


                - Gout


                - Wound healing activity


                - Warts treatment



                	Iran-Western Asia



                	[144]

              




              

                	H. foertherianum



                	- Ciguatera poisoning



                	Pacific island region (New Caledonia, Vanuatu, French Polynesia, Tonga, Micronesia, and in the Ryukyu Islands in Japan)



                	[142]

              




              

                	H. indicum



                	- Malaria treatment


                - Abdominal pain


                - Dermatitis



                	Africa



                	[10]

              




              

                	- Skin diseases


                - Poisoned bites


                - Stomach pain and nervous disorders


                - Wound healing activity


                - Relief from vomiting


                - Amenorrhoea treatment


                - Ocular infections


                - High blood pressure


                - Anthelmintic


                - Contraceptive (root)


                - Underweight babies



                	India



                	[8], [10], [32], [46], [141]

              




              

                	- Ulcers


                - Venereal diseases


                - Sore throat and fever treatments


                - Vaginal cavity (externally) to induce


                abortion


                - To relieve general rectal pain



                	Jamaica



                	[8]

              




              

                	H. stenophyllum



                	- Vaginal washes


                - Stomach, respiratory and kidney problems


                - Hepatic stimulant


                - Rheumatism


                - Diabetes


                - Cystitis


                - Prostate affections


                - Antitumor effects (tumor dissolving)



                	Chile


                (Pichasca, Coquimbo)



                	[3]

              




              

                	H. subulatum



                	- Boils treatment


                - Insect bites


                - Sores


                - Throat infections


                - Ulcers


                - Snake bites



                	India



                	[143]

              


            

          




          

            * Information on ethnomedicinal uses of H. stenophyllum was obtained through interviews conducted by Dr. Donoso with; Virginia Bonilla & Claudio Galleguillos Phytotherapists, and Juana Puelles, Rosalia Aguirre, Jimena Adaos, Healers considered mentors of medicinal habits of their respective communities, in the Coquimbo Region, Chile.

          




        




        H. curussauicum var. argentinum (specimen belonging to the Pharmacobotanical Herbarium, National Institute of Pharmacology of Argentina) has a broad therapeutic spectrum in traditional medicine, including gout, rheumatism, and neuralgias, arteriosclerosis, renal, hepatic, osteoarticular and cardiocirculatory diseases. Muscular strains, phlebitis and varicose veins are also treated [9].




        In Chile, the Ministry of Health (MINSAL), following the recommendations of the World Health Organization (WHO), seeks to promote the use of medicinal plants registered and certified by the Regulation of the National System of Control of Pharmaceutical Products through the publication of a Traditional Herbal Medicine Registration Scheme (THMRS), which includes a total of 103 recognized medicinal plants [36] (MINSAL, 2010). However, nowadays the THMRS does not include species of the genus Heliotropium, mainly due to the lack of awareness of its application in traditional medicine and the consequent need for chemical, pharmacological and clinical studies. Although the genus Heliotropium and its medicinal uses are little known among the general Chilean population, H. stenophyllum is recognized and used by traditional healers of the Coquimbo Region in the treatment of diverse diseases, including stomach affections, respiratory and kidneys diseases, as a hepatic stimulant, even for the treatment of tumors, among others (Table 1). In addition, there are few reports in the scientific literature on their ethnomedicinal use, although there are some reports of the use of leaves as vaginal cleansers (Río Hurtado, Region IV, Chile) [3].




        The classical knowledge-based approach is the ethnopharmacological approach, where the traditional medicinal use of plants constitutes the basis for the selection of the test material and the pharmacological assay. However, in Chile, this rich ethnomedicinal knowledge of Heliotropium has remained unexplored hitherto.




        

          Phytochemicals Constituents and Biological Activity of Heliotropium Species




          Plants are a potential source of health-beneficial compounds, where the discovery and development of new drugs are based on studying and analyzing different plant species. Given the large diversity of plants, there is a great deal of structural diversity studied, and it is represented by many bioactive compounds of pharmacological interest reported to date [37].




          Heliotropium indicum is one of the most known and studied cosmopolitan plants belonging to the genus Heliotropium. Hence, many secondary metabolites have been isolated and identified from this species. Among these, pirrolizidine alkaloids (PAs) stand out, which include indicine 1, 12-O-acetyl indicine 2 [38], heliotridine 3, lasiocarpine 4 [39], indicine-N-oxide 5 [40, 41], retronecine 6, trachelan-thamide 7 [42], heliotrine 8 [12], lasiocarpine-N-oxide 9, echinatine 10, heleurine 11, supinine 12 [4], helindicine 13 and lycopsamine 14 [17] (Fig. 2).
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Fig. (2))


          Alkaloids in Heliotropium indicum.



          Several extracts and molecules isolated from H. indicum have a broad biological activity spectrum. The essential oil extracted from the aerial parts has antibacterial activity against Mycobacterium tuberculosis H37Ra with a MIC of 20.8 μg / mL [43]. The methanol extract is active against Klebsiella spp., Proteus mirabilis, Pseudomonas aeruginosa, Staphylococcus aureus, Bacillus subtilis and Escherichia coli [44]. The aqueous extract from the leaves has antifungal activity against Fusarium oxyparum [17, 44] and histo-gastroprotective effects on rats’ stomach body walls [45]. Applying ethanol extract of H. indicum leaf at 5% and 10% on excision wounds in induced diabetic rats, exhibits wound healing properties [46]. Different extracts obtained from H. indicum possess significant antiproliferative and antitumor activity. The ethanolic extract from the whole plant has antiproliferative activity on SKBR3 human breast cancer cell line with IC50 34.5 μg/mL [47]. Previous studies have highlighted the antitumor activity of N-oxide in phase I study in patients with advanced cancer [48] and for the treatment of refractory acute leukemia [49].




          In Chile, phytochemical studies of the Boraginaceae Family began in the 1990s with the study of the antioxidant and antifeeding capacity of the most abundant aromatic phenolic constituents for H. stenophyllum [50].


        


      




      

        Phenolic Compounds from the Helitropium Genera in Chile




        Phenolic compounds are synthesized and accumulated in practically all plant tissues [51], and their distribution is non-uniform as these compounds are present at tissular, cellular and subcellular levels. Insoluble phenolic compounds are found in cell walls, while soluble compounds are present within plant cell vacuoles [52]. The importance of polyphenols is that their antioxidant action lets them protect cellular components against oxidative damage, thus limiting the risk of several diseases associated with oxidative stress [53]. These compounds act as reducing agents (free radical scavengers), hydrogen donors, singlet oxygen quenchers and metal chelators [54]. Flavonoids are a broad class of polyphenolic compounds that comprise an abundant and widespread type of secondary metabolites reported in Heliotropium genera.




        The first chemical study of the resinous exudate identified diverse groups of phenolic compounds with antioxidant properties: galangin 15, pinocembrin 16, naringenin 17 and 2-geranyl-4-hydroxyphenyl acetate 18 [51]. Other antioxidant compounds identified for the species are 4'-acetoxy-5-hydroxy-7- methoxy-flavanone 19, 5,3',4'-trihydroxy-7-methoxyflavanone 20; 5,7-dihydroxy-3-methoxyflavone 21; 5,4'-dihydroxy-7-methoxyflavanone 22; 3,7,4'-trihydroxy- 5,3'-dimethoxyflavone 23 [55] (Fig. 3).
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Fig. (3))


        Phenolics in H. stenophyllum.



        The most significant compound is galangin 15, with anti-inflammatory properties that induce apoptosis and decrease mitochondrial membrane potential (MMT) in gastric carcinogenic cell lines (SGC-7901). Specifically, the apoptosis occurred via a mitochondrial pathway involving caspase-8/Bid/Bax activation [56]. Galangin 15 also elevated the expression of GSH-synthesizing enzymes in human keratinocytes, which have a prominent role in cellular defense, especially against oxidative stress [57]. In vivo studies showed that it reduces the volume and weight of laryngeal tumors in “nude mice”. It also has a potential role in suppressing human laryngeal cancer by inhibiting cell proliferation, activating apoptosis, and autophagy [58]. Galangin, when combined with TNF-Related Apoptosis Inducing Ligand (TRAIL), inhibits the progression of human breast cancer, both in vitro and in vivo, which leads to apoptosis of carcinogenic cells through the activation of caspase-3, associated with the phosphorilation of AMP-activated protein kinase (AMPK) [59]. This flavonoid also inhibits the proliferation of osteosarcoma cells. On the other hand, it significantly increases osteoblast differentiation marker expression (type I collagen, alkaline phosphatase, osteocalcin and osteopontin) and increases alkaline phosphatase activity in human osteosarcoma cells [60].




        Pinocembrin 16 is isolated from a wide variety of plants, mainly from the heartwood of Pinus, Eucalyptus, Populus, Euphorbia, Sparattosperma leucanthu and Zingiber officinale (ginger). Its wide range of pharmacological activities has been well documented, including antimicrobial, anti-inflammatory, antioxidant, anticarcinogenic and antiallergenic activities [61, 62]. In vivo immunopharmacological studies of mouse airways have been reported to inhibit hyperreactivity, eosinophilic inflammation, goblet cell hyperplasia, and mucus production in allergic mice induced by ovalbumin (OVA) [63]. Preclinical studies have showed their ability to reduce reactive oxygen species, modulate mitochondrial activity, protect the blood-brain barrier, and regulate apoptosis) [64].




        In the same way, naringenin (4', 5, 7-trihydroxyflavanone) 17 is one of the most abundant flavonoids in citrus fruits and tomatoes. It has antioxidant, anti-inflammatory and antitumoral activity [65-67]. In a recent study, pre-administration of 17 significantly reduces the severity of induced colitis, decreasing pro-inflammatory mediators (inducible NO synthase (iNOS)), intercellular adhesion molecule-1 (ICAM-1), monocyte chemoattractant protein-1 (MCP-1), cyclo-oxygenase-2 (Cox2), TNF-α, and IL-6 (mRNA) in the colon mucosa [68]. Photo-aging studies obtained from mice showed that 17 significantly inhibits UVB-induced wrinkle formation, trans-epidermal water loss, and matrix metallopeptidase 13 (MMP-13) expression [69]. Naringenin significantly reduces the levels of Transforming Growth Factor (TGF-β1) on cells and plasma from bleomycin-induced pulmonary fibrosis, also preventing lung metastases [70]. Carcinogenic cell proliferation increases TGF-β1 secretion from breast cancer cells and inhibits pulmonary metastasis by inhibiting the activation of protein kinase C (PKC) [71]. Naringenin induces cell death in epidermoid carcinoma cells, by means of reactive oxygen species (ROS) generation, mitochondrial depolarization, nuclear condensation, DNA fragmentation, cell cycle arrest in G0 / G1 phase and activation of caspase-3 [72].




        The structure−activity relationships of flavonoids have been determined in many antioxidant activities assays, yet results vary depending on the protocol [73]. The flavonoids 16, 17, 20, 21, 3-acetoxy-5,7-dihydroxyflavanone (pinobanksin-3- acetate) 30, 5,7,3'-trihydroxy-4'-methoxyflavanone (hesperetin) 31, 5,7,4'-trihydroxy-3-3'-dimethoxyflavone (3-O-methylisorbamnetin) 32, and 5,4'-dihydroxy-3,7,3'-trimethoxyflavone (pachypodol) 33 were identified in the resinous exudate of Heliotropium sinuatum [74]. Subsequent studies have evidenced very high antioxidant capacity due to its phenolic content, namely flavonoids and a new aryl phenol 4-(3', 5'-dihydroxynonadecyl phenol) [75]. In this study, compound 20 had the greatest contribution to the antioxidant activity of the resin. The antioxidant behavior of flavonoids such as flavone, flavanol and isoflavone isolated from H. sinuatum, together with the related activity-structure relationships, show that the antioxidant activity depends on both the substitution of hydroxyl groups in the flavonoid skeleton and the presence of an unsaturation at the C2-C3 bond in conjunction with oxo function in C4 [76].




        Heliotropium glutinosum Phil. (Heliotropiceae) is a resinous bush that grows at a height of 2000 m near Chañaral, Chile. Phytochemical examinations of H. glutinosum have identified a wide range of bioactive compounds. The secondary metabolites isolated and identified from the resinous exudates were a new aromatic geranyl derivative: 4-methoxy-3-[(2)-7'-methyl-3'- hydroxymethyl-2', 6'-octadienyl] phenol, and three flavonoids: 19, 26 and 5,3'-dihydroxy-7,4'- dimethoxyflavanone 36. In the analysis of antioxidant activity, dimethoxyflav- anone possessed the antioxidant capacity, as observed for other species of Heliotropium [77].




        The flavonoids 7, 3'-dimethyleriodictyol 24, ayanin 25, sakuranetin 26, kumatakenin 27 and rhamnocitrin 28 were isolated from the resinous exudates of H. chenopodiaceum var. ericoideum [78]. The same study isolated the flavonoids 15 and 21 in combination with unknown aromatic geranyl derivatives from the species H. filifolium. Given the aforementioned properties of H. stenophyllum [55], the study confirmed the chemical proximity of the two species, unlike H. chenopodiaceum var. ericoideum, which did not present geranyl derivatives. Further studies into the species identified a new compound named filifolinol 29, from the resinous exudate of H. filifolium [79]. This compound has a new rearranged product of the cyclization of the oxidized side chain of an aromatic geranyl compound, which relates it biogenetically to H. stenophyllum [55].




        Flavonoids such as ayanin 25 have also drawn attention for their biological activity. Ayanin proved to be a potent inhibitor of BCRP (breast cancer resistance protein), only slightly less than Ko143, the most potent inhibitor of ABCG2 gen known to date [80]. The ayanin isolated from Siegesbeckia pubescens has been used in Eastern medicine to treat arthritis, strokes, skin rashes, edema and itchy eczema. In vitro trials in murine hippocampal cell line (HT22) evidenced neuroprotective and anti-neuroinflammatory activity [81]. The administration of ayanin in mice with atopic dermatitis produced a preventive effect and general improvement. The flavonoid inhibits the release of histamine, the synthesis of the IL-4 ligand in basophils. Epidemiological studies report a significant decrease in asthma incidence among populations which consume this flavonoid regularly [82].




        Sakuranetin 26 is a flavone with many defensive functions in plants. Studies attribute antifungal [83-85], antibacterial, cytotoxic [86] and anti-inflammatory properties [87]. Sakuranetin isolated from Baccharis retusa DC. (Asteraceae) performs anthelminthic activity against Leishmania (L.) amazonensis, Leishmania (V.) braziliensis, Leishmania (L.) major and Leishmania (L.) chagasi with IC50 between 43-52 μg/mL, and against T. Trypomastigotes cruzi (IC50 = 20.17 μg/mL) [88]. In an in vivo trial where sakuranetin (20 mg/kg) isolated from B. retusa (Asteraceae) was administered to an experimental murine model (BALB/c) of asthma, anti-inflammatory and antioxidant effects were observed, preventing changes in vascular and distal parenchyma [89]. Sakuranetin has also proven to be a cytotoxic compound for nasopharyngeal carcinoma KB cells with an ED50 of 10 μg /mL [86].




        Plant organ surfaces are often covered by various non-glandular and glandular trichromes. Changes in number, composition, and concentration of their exudates throughout leaf development may have important consequences for plant adaptation to biotic and abiotic factors [90, 91]. H. chenopodiaceum var. chenopodiaceum (DC) Clos contains glandular trichomes, while H. chenopodiaceum var. ericoideum (Miers) Reiche contains non-glandular trichomes. In general, these morphological differences are evident in how much exudate they produce. The resinous exudates of var. chenopodiaceum and var. ericoideum obtained by dipping fresh plant in cold CH2Cl2 followed by HPLC analysis are composed of flavonoids 17, 24, 25, 26, 27, and 28 [91] (Fig. 4). In addition, bioassays of Pieris brassicae larvae confirm antifeeding properties in H. stenophyllum exudate [92].
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Fig. (4))


        The flavonoids isolated from the resinous exudates of H. chenopodiaceum var. ericoideum (24-28) and filifolinol (29) from H. filifolium.



        Flavonoids are polyphenolic compounds of extreme importance due to their medicinal effects [93]. These compounds are secondary metabolites with a wide distribution, performing many different metabolic functions in plants [94]. Interest in the bioactivity of flavonoids present in higher plants is due, at least in part, to their potential health benefits in major dietary constituents. The biological functions of flavonoids are linked to their cytotoxic potential and their ability to interact with enzymes through complex proteins. Some flavonoids provide protection against stress via actions including acting as free radical scavengers such as reactive oxygen species (ROS), as well as metal chelators that generate ROS through the Fenton reaction [95].




        Metabolism involves vital oxidative processes for cell survival. During the gradual reduction of molecular oxygen, a series of ROS occurs. Thus, antioxidants protect cells from such oxidative damage. In this sense, natural antioxidants are an important alternative given their structural variety, so research on plant antioxidants with free radical scavenging abilities is always a contribution due to the protection they offer from diseases associated with oxidative stress [96, 97]. The molecules present in the resin from plants that grow in arid zones are more than just a manifestation against oxidizing agents, since they also protect against oxidation from other elements present in the resin, thus preventing them from losing their phytochemical properties [55].




        Lissi et al (1999) [98] evaluated the total reactive antioxidant potential (TRAP) of dichloromethane extracts from H. huascoense, H. megalanthum, H. sinuatum, H. filifolium, H. chenopodiaceum v. ericoideum and H. chenopodiaceum v. typical resinous exudates. The study identified a series of flavonoids previously reported for other Heliotrope species, namely 16, 17, 20, 21, 31, 32, 33, and 5,7-dihydroxy-3-methoxyflavanone 34, demonstrating that the exudates have very high antioxidant concentrations. Table 2 presents parts of phytochemical screening results of Heliotropium megalanthum Johnston and H. huascoense Johnston extracts. The respective structures of this phytochemical investigation into CH2Cl2 extracts from H. megalanthum and H. huascoense were compared with other species of Heliotropium spp. The flavonoids and geranyl aromatic derivatives on the surface are common to most of the previously reported species. However, for H. huascoense, two penta-O-substituted flavanones and hexa-O-substituted flavonols were reported for the first time [99] and in the case of H. megalanthum, the species contains three components that are not shared with the other species (5,3'-dihidroxy-7,4',5'-trimethoxyflavanone, 5-hydroxy-7,3',4',5'- tetramethoxyflavanone, and 3,5-dihydroxy-7,3',4',5'-tetramethoxyflavone) [99].




        

          Table 2 Flavonoids and geranyl aromatic derivatives on the surface of Chilean Heliotropium spp., modified from another study [101].
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            *I = H. stenophyllum H. & A.; II = H. sinuatum (Miers) Johnston; III = H. filifolium (Miers) Reiche; IV = H. chenopodeaceum var. chenopodeaceum (D.C.) Clos; V = H. chenopodeaceum var. ericoideum (Miers) Reiche; VI = H. huascoense Johnston; VII = H. megalanthum Johnston.

          




        




        The aromatic geranyl derivative filifolinyl senecionate 35 was isolated from Heliotropium filifolium (Miers) resinous exudates [100]. It is interesting to note that the same geranyl aromatic derivatives are accumulated in the glandular trichomes of Heliotropium spp [98]. The compounds filifolinyl and flavonols were previously isolated for the species by Urzúa et al., and Torres et al. [78, 79].




        The study of H. taltalense (Phil.) Johnst. (Heliotropiaceae) has revealed the presence of phytochemicals that are considered active medicinal constituents. This species, endemic to the northern Chilean coastline, produces a resinous exudate that covers its foliar surface and stems. The analysis identified two aromatic geranyl derivatives (29 and 35) and three flavonoids (17, 20 and 21) [101], which had previously been reported in the species. The two aromatic gera




        nyl derivatives 29 and 35 had previously been obtained from H. filifolium (Miers) (Reiche) [79, 99] and H. sinuatum (Miers) [75].




        The first phytochemical study of resinous exudates of Heliotropium sclerocarpum Phil (Heliotropiaceae) identified 17, 29, and sclerocarpidin 37, a type of 3-oxo-2-arylbenzofuran derivative [102] (Fig. 5). Filifolinol 29 was reported in H. filifolium and H. taltalense, and naringenin 17 previously isolated from H. stenophyllum, H. sinuatum, H. chenopodiaceum and H. taltalense. The antioxidant activity of the exudate was evaluated via DPPH free radical scavenging assay. The results suggested that in H. sclerocarpum, antioxidant activity was mainly due to 17. When comparing the results obtained with data from pure compounds, the resin has a greater antioxidant effect, which would also confer instant and prolonged protection to the plant.
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Fig. (5))


        Phytochemicals from Heliotropium species.



        A recent study (Bernardini 2018) showed the high cytotoxic activity of hexane, chloroform and ethyl acetate fractions extracted from H. stenophyllum in SH-SY5Y neuroblastoma cell lines. Chloroform extracts administered in doses of 0.05 and 0.1 mg/ml produced the highest percentage of dead cells, with 98% and 97%, respectively [103].




        Plants face a large number of antagonists, leading them to develop multiple defense mechanisms to combat different types of biotic and abiotic stress. Multiple drug resistance has occurred due to inappropriate use of commercially available antibacterial drugs, which leads to repeated use of antibiotics and insufficient disease control [104] (Cdc.gov. 2017). For this reason, there is an urgent need to explore and utilize naturally occurring products to treat several infections caused by bacteria, as well as discovering new bactericidal agents.




        Plants have successfully developed effective defense mechanisms that guarantee survival in difficult environmental conditions and in the presence of natural enemies. They have developed an impressive array of structural, chemical, and protein-based defenses, designed to detect invading organisms and prevent them from causing extensive damage [105]. Some compounds, individually or synergistically, constitute a chemical defense barrier against certain pests and diseases [106].




        Phenolics are one of the most ubiquitous groups of secondary metabolites found throughout the plant kingdom. The defensive roles performed by such secondary metabolites include deterrence/antifeedant activity, toxicity, or acting as precursors to physical defense systems. A study on resin exudate components’ biological activity was carried out by [107, 108, 110], evaluating the insecticidal and antifungal properties of the compounds carrizaloic acid, methyl derivative, and filifolinyl. The insecticidal and antifungal properties were evaluated against a series of pathogens; phytophagous insects Leptinotarsa decemlineata, the lepidopteran Spodoptera littoralis, the aphid Myzus persicae, and the plant pathogens Fusarium moniliforme and Aspergillus niger. The results indicated that the methylated derivative was more active than the parent acid. Given previous reports for these types of compounds, the authors suggested that the esterification of the carboxylic acid part in benzene acid has a key role in the antifeedant and antimicrobial/antifungal activity of these compounds.




        The in vitro antibacterial activity of Heliotropium sinuatum resinous exudates was reported by [109]. Biological activity of the flavonoids isolated from the resin was previously reported by [75]. Antibacterial activity of flavonoids isolated from H. sinuatum resin was examined using the strain Escherichia coli K-12. Flavanones presented greater inhibition of bacterial development compared to the effect observed for the tested flavones. The antibacterial activity of flavonoids may be attributed to their common mode of action on membranes [110]. Additionally, it has been suggested that flavonoids’ antibacterial activities are related to their chemical structures. The number of substituents and positions such as hydroxylation [111], methoxylation, prenyl groups or glycosylation [112] are related to differences in antibacterial activities. In relation to the structural requirements of H. sinuatum flavonoids, the authors concluded that a hydroxyl group should be present, that there should be some degree of lipophilicity, and that conjugation must be considered as a factor to observe antibacterial activity.




        The background regarding flavonoids’ biological activity is extensive; however, flavonoid antibacterial activity mechanisms remain abstruse. Various cell components and functions are modulated by these kinds of compounds [113]. Flavonoids with antibacterial properties have additional advantages compared to other secondary metabolites with antibacterial properties, since they also have antioxidant and immunostimulant properties [114]. The prevalence of infectious diseases caused by bacteria is a major public health problem. The bacterial agents Staphylococcus aureus and Salmonella tiphymurium cause several human infections [115, 116]. Plant extracts have proven effective in reducing pathogenic agents. In this sense, H. filifolium and H. sinuatum were investigated to evaluate antibacterial activity of CH2Cl2 extract against the pathogens S. aureus and S. tiphymurium by flow cytometry [117]. The results showed that two of the tested compounds (16 and 21) were active against S. tiphymurium and S. aureus. Conversely, 29 and 17 were inactive in a concentration range of 10 – 1000 μg/mL [118].




        The bacterium Piscirickettsia salmonis is the aetiological agent of piscirickettsiosis, a severe disease that has caused major economic losses in the aquaculture industry since its appearance in 1989 [119]. P. salmonis is a Gram-negative bacterium, which produces chronic systemic infection and generally affects seawater-reared salmonids [120]. The in vitro evaluation of potential bactericidal activity against P. salmonis of natural flavonoids and aromatic geranyl derivatives isolated from Heliotropium spp. resinous exudates (H. filifolium, H. sinuatum and H. huascoense) identified that the compounds 17, 21 and filifolinone have significant bactericidal effects on P. salmonis from 50 µg/mL. On the other hand, the compound 29 showed a lower bactericidal effect (15% of bacteria die) at high concentrations, and 21 produced bacterial mortality similar to 17 [121]. Other studies involving compounds extracted from H. filifolium resinous exudates, highlighted 29 and filifolinone, reporting the versatility of this type of metabolites. The former (29) inhibits the infectious pancreatic necrosis virus (IPN) in salmon, and filifolinone exerts an immunomodulatory action on the cellular line SHK-1 (salmon kidney leukocyte) and in vivo in Atlantic salmon species, increasing the expression levels of pro-inflammatory, anti-inflammatory and viral cytokines [122, 123]. There are also reports that flavonoids isolated from H. sinuatum resin inhibit the infectious salmon anemia virus (ISAV) [123].




        

          Alkaloids from Heliotropium Species




          The defense mechanisms of plants involve the production of a wide range of metabolites that can be toxic and/or dissuasive to herbivores and pathogens. Within this group of compounds are the pyrrolizidine alkaloids [124]. Plants that contain these alkaloids belong to the Families Boraginaceae, Compositae (Asteraceae), and Leguminosae (Fabaceae) [125]. The pyrrolizidine alkaloids (PAs) and N-oxide derivatives identified in approximately 6000 plants exceed 600 compounds, of which half showed toxic activity [125-128]. The PAs represent a class of typical secondary compounds. They are constitutively formed and synthesized by the plants which contain them and are well suited to illustrate chemically mediated plant-herbivore interactions. The specific features and functions of PAs in the biotic environment are well documented. For example, various insects belonging to different orders have special requirements for these compounds, sequestering them from such plants for their own defense and often as pheromone precursors. These insects depend on PAs and, in some cases, PAs even act as regulators of androconial organ development [129]. It has been suggested that PA diversity in plant species has evolved under selective pressures by generalist herbivores [130, 131]. In structural terms, the PAs from Heliotropium species are open chain diesters and differ in structure from the PAs in Senecio and Jacobaea species, which are macrocyclic diesters [132]. The toxic effects that PAs have on humans, livestock and wildlife in general, is well documented. In Argentina Carballo et al., (1992) [10] reported cytotoxic activity in aqueous extracts of H. curassavicum var. argentinium, which is attributed to pyrrolizidine alkaloids. The cytotoxic activity was tested on cells derived from Chinese hamster ovary (CHO), causing chromosomal aberrations, in concentrations of 0.1 μg/mL, with 32% more activity than the test control. The alkaloids reported for the species were: curassavine 38, curassavine N-oxide 39, coromadeline 40 and heliovicine 41 (Fig. 6). The degree of toxicity correlates with the complexity of pyrrolizidine alkaloid esterification, with cyclic esters as the most hepatotoxic, while alkaloids without a double bond in the ring are considered harmless [132].




          Reina et al., (1997) [133] studied the distribution of PAs over Heliotropium floridum. They described the isolation and structural determination of 3'-acetyltrachelanthamine 42, floridine 43, floridinine 44 and floridimine 45, along with the previously known 41 (Fig. 6). The extract and major components (saturated pyrrolizidine monoester alkaloids) were assayed against insect pests and plant pathogens.
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Fig. (6))


          Pyrrolizidine alkaloids and N-oxide derivatives of Heliotropium species.



          Bioassays showed that 42 is a strong anti-feedant, with low toxicity against Leptinotarsa decemlineata and a moderate antifungal agent against Fusarium monoliforme; 44 only showed the antifungal effect. The effects of the alkaloids megalanthonine 46 and lycopsamine 14 isolated from Heliotropium megalanthum were evaluated as insecticidal, antifeedant, and antifungal against the plant pathogen Fusarium moniliforme (Sheld), the lepidopteran Spodoptera littoralis Bois (Lepidoptera: Noctuidae), and Leptinotarsa decemlineata Say (Coleoptera: Chrysomelidae). The alkaloid megalanthonine is a saturated pyrrolizidine alkaloid monoester. The major alkaloid present in this alkaloidal fraction was 14. In a no-choice tests the alkaloidal fraction of H. megalanthum showed a moderately significant effect on L. decemlineata (% FR 69.00 ± 17.98) and a lower effect on S. littoralis (44.32 ± 27.50) using a similar dose (100 µg/cm2). Lycopsamine showed a certain degree of antifeedant effect in choice and no-choice assays on both insect species. Further tests showed that S. littoralis consumption and growth rates (RCR and RGR) were not affected by oral and hemolymph injection of alkaloid extract and both compounds. Nevertheless, there was a significant increment in the mortality of L. decemlineata when injected with the alkaloid fraction. Alkaloidal extract of H. megalanthum did not have any significant antifungal activity on F. moniliforme [134].


        




        

          



          Volatile Organic Compounds from Heliotropium Species




          Components that provide odor are typically volatile and are known as volatile organic compounds (VOCs). Plants produce a broad range of VOCs, with the largest groups being terpenoids (compounds with an isoprenoid structure similar to that of terpene hydrocarbons) [135]. These VOCs are defined as any organic compound with sufficiently high vapor pressures to be vaporized into the atmosphere under normal conditions [136]. VOCs contribute to plants’ flavor and fragrance and perform a range of ecological functions, including indirect plant defense against insects, pollinator attraction, plant-plant communication, and plant-pathogen interactions [137]. VOCs are complex mixtures of chemical substances; thus, each biological effect is due to the actions of one or more of its constituents [138].




          A comparative study of the VOCs from H. floridum, H. myosotifolium, H. stenophyllum and H. pycnophyllum flowers identified 22 compounds. The most prominent family of compounds in H. floridum, H. myosotifolium and H. stenophyllum were benzenoids, especially benzaldehyde, p-methyl anisol and methyl benzoate. Terpenes predominated in H. pycnophyllum, nominally (E)-Ocimene and 1,8-cineol [139].




          VOCs obtained from hydrodistillation of dried H. stenophyllum (Heliotropiaceae) leaves showed insecticidal activity against Musca domestica (LC50 = 1.09 mg / dm3). According to GC and GC/MS analyses, junenol (19.08%); longiborneol (9.34%), (E, Z)-geranyl linalool (6.81%); selin-3,11-dien-6-α-ol (6.70%); α-cedrene epoxide (6.60%); heliofolen-12-al D (6.23%) and β-epi-bisabolol (4.83%) were the main components identified in the extract. The VOCs’ insecticidal activity is due to the hydroxylated sesquiterpenes, compounds with an estimated low vapor pressure [140].


        


      


    




    

      CONCLUDING REMARKS




      The present review analyzes the phytochemical aspects, ethnomedicinal uses and biological activity of the genus Heliotropium, and in particular, provides a detailed analysis of scientific publications from 1990 to the present, with a special emphasis on Chilean species.




      A great variety of plants from the genus Heliotropium have been used in traditional and complementary medicine, principally to treat diseases affecting respiratory, digestive, skeletal/muscular, dermal, genitourinary, immunological and endocrine systems. Many of its traditional uses have been supported by pharmacological studies performed with extracts or pure plant compounds. H. indicum, a well-known cosmopolitan plant used in various countries around the world, stands out due to its broad therapeutic spectrum in traditional medicine. The rational use of this species in traditional medicines requires careful review due to its alkaloid content since there is evidence of undesirable side effects.




      H. curussauicum var. argentinum and H. stenophyllum, from Argentina and Chile respectively, are similarly versatile in their ethnomedicinal applications; however, adverse side effects have been reported in PAs from the Argentine species, specifically cytotoxic activity in mouse livers and ovaries, driving the need for further chemical, biological and clinical studies that support the pharmacological effects of these metabolites.




      In Chile, members of this genus are little-known for their medicinal properties. However, the data obtained in this review account for its varied biological activities, and especially its resinous exudates. As such, there is evidence that these extracts and certain pure compounds present in Chilean heliotropes possess antibacterial, antifungal, immunomodulatory, antioxidant, antiproliferative, antitumoral, antiviral, insecticidal and antifeedant bioactivity. Modern pharmacology studies show that the alkaloids produced exclusively by Heliotropaceae species perform a wide range of pharmacological actions, specifically insecticidal, antiseptic and anticarcinogenic effects. Overall, the most significant constituents of Heliotropium exudates are phenolics, whereas alkaloids and terpenes are scarcer, being limited to the species H. indicum, H. curassavicum, H. floridum, H. megalanthum. To date, however, there is no evidence of these alkaloids in the Heliotropium stenophyllum species.




      Our interest in studying the species H. stenophyllum arose from field observations, which highlighted that the plant is insusceptible to attacks by both herbivores and pathogens. Its leaves and stems are covered with a resin emitting a very peculiar aroma.




      The growing interest in the use of medicinal plants and their extracts raises the need to disseminate scientific advances in this field, since non-academic users, and especially traditional healers, must be informed of the benefits, risks and limitations of the plants they use for medicinal purposes.




      Many traditional uses of the genus Heliotropium are supported by the results obtained from pharmacological studies performed using various extracts or pure compounds. We feel that future research ought to focus on the biological evaluation of pure phytochemicals, aiming to identify action mechanisms and explore this genus for new drug discovery.
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