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    From the dawn of time, men resorted to Nature for all they need. No exception was made for health and, especially, pain. WHO estimated that almost 80% of people count on medicinal plants to take care of their “well-being” and here is the justification for the growing interest in the study of natural products and the development of their derivatives.




    Among the wide range of molecules in the rich repository that Nature offers, we need to mention the terpene class, to which a whole volume of this book has been dedicated.




    This volume aims to provide the readers with a brief and focused collection of some of the latest advances in the field with particular insight into the development of synthetic derivatives from a parent natural compound with highly promising bioactivity and the design of innovative formulations for possible administration.




    Indeed, by scrolling through the volume index, the readers can find exciting novelty on terpenes-related topics in four well-organized chapters, including (1) a detailed overview of the sesquiterpenes polypharmacology; (2) an interesting journey around the cannabinoids world towards the development of new synthetic Δ9-THC derivatives; (3) the design of specific formulations to overcome the volatility issue of small sized terpenes-based essential oils; and (4) an update on the newest generations of endoperoxides endowed with antimalarial activity. Also, the interested audience is strongly encouraged to get more deepen understanding of the presented topics by a large number of selected references present in each chapter.




    Notably, every topic dealt with in this volume, and in general in the whole book, fully describes the selected terpene scaffold in all the investigated MedChem and pharmaceutical points of view. Thus, detailed information on the design and synthesis of the compounds, their bioactivity and pharmacokinetics data, along with computational and formulation studies are provided.




    The authors, also, discuss how the chemical modification of parent compounds affects biological or enzymatic activity and ADME profile, suggesting how to justify the changes in the activity/ADME data in MedChem terms.




    Through the several examples of MedChem strategies to fix the most common issues on terpene derivatives, e.g. low potency and poor solubility, the authors drive the young researcher audience to derive general rules that could be useful in different experiments and studies they will perform. For these reasons, I strongly believe the book is addressed to a heterogeneous audience, comprising both expert and beginner MedChem scientists and pharmaceutical technologists and anyone who wants to update their knowledge on this broader and broader field of terpene research under the kind and helpful guidance of the authors, which are widely recognized scientists in Academia.




    In the next chapters, the readers will find recurrent concepts that we could summarize with the following keywords: #terpenes; #sesquiterpenes; #medicinalchemistry; #pain; #malaria; #naturalproducts; #optimization; #drugdesign; #bioactivity; #synthesis; #computationalchemistry; #biology; #chemistry; #formulation; and so on.




    Good reading and taking notes.




    

      Dr. Ilaria D’Agostino Ph.D.


      Department of Pharmacy


      G. d Annunzio University of Chieti-Pescara


      Via dei Vestini 31, 66100 Chieti (Italy)

    


  




  




  




  

    PREFACE




    


    


    


    


    


  




  

    Natural products are often used in drug development due to their ability to provide unique and chemically diverse structures unmatched by any synthetic chemical collection. Medicinal Chemists have always been inspired by nature because natural products are often perceived as safer and for their capability to interact with biological targets. Indeed, in recent years, there has been emerging research on traditional herbal medicines based on their efficacy in the treatment of diseases for which they have been traditionally applied.




    Conversely, natural compounds suffer from several issues such as scarce availability and seasonality, high differences in the production/extraction/isolation, low purity in commercial products from worldwide suppliers, and side effects. Moreover, due to their chemical complexity and the optional presence of different chiral centers, the total synthesis of a natural compound can be also challenging and expensive.




    This book series would propose the latest discoveries in the field of compounds inspired by nature and obtained by chemical/enzymatic modification of a natural compound in the search for biologically active molecules for the treatment of human/animal ailments and permit the disposal of a wider arsenal for clinicians. The natural compounds are grouped into three clusters. The chapters are built in the following format: • General background on the (phyto)chemistry of the scaffold; • General background on the pharmacological profile of the scaffold; • Description of the proposed derivatives and their potentialities with respect to the parent compounds (with a particular emphasis on the synthetic approaches and structure-activity relationships); • In silico analysis of the crucial interactions with the biological target, when available; • Clinical studies and patent surveys (if available) on the new and proposed structures.




    The readership of this book is represented primarily by Academies, Researchers, Specialists in the pharmaceutical field, Industry sector, Contract Research Organizations and hospitals dealing with clinical research.




    

      Simone Carradori


      Department of Pharmacy


      G. d Annunzio University of Chieti-Pescara


      Italy

    


  




  




  




  

    

      List of Contributors


    


  




  

    

      

        	Annabella Vitalone



        	Department of Physiology and Pharmacology “V. Ersparmer”, Sapienza University of Rome, P.le Aldo Moro 5, 00185 Rome, Italy



      




      

        	Antonella Di Sotto



        	Department of Physiology and Pharmacology “V. Ersparmer”, Sapienza University of Rome, P.le Aldo Moro 5, 00185 Rome, Italy



      




      

        	Federico De Paolis



        	Department of Physiology and Pharmacology “V. Ersparmer”, Sapienza University of Rome, P.le Aldo Moro 5, 00185 Rome, Italy



      




      

        	Grazia Luisi



        	Department of Pharmacy, “G. d’Annunzio” University of Chieti-Pescara, via dei Vestini 31, 66100 Chieti, Italy



      




      

        	Jordan Trilli



        	Department of Drug Chemistry and Technologies, Sapienza University of Rome, P.le A. Moro 5, 00185, Rome, Italy



      




      

        	Laura Di Muzio



        	Department of Drug Chemistry and Technologies, Sapienza University of Rome, P.le A. Moro 5, 00185 Rome, Italy



      




      

        	Marco Gullì



        	Department of Physiology and Pharmacology “V. Ersparmer”, Sapienza University of Rome, P.le Aldo Moro 5, 00185 Rome, Italy



      




      

        	Maria Antonietta Casadei



        	Department of Drug Chemistry and Technologies, Sapienza University of Rome, P.le A. Moro 5, 00185 Rome, Italy



      




      

        	Nathalie Saraiva Rosa



        	Royal College of Surgeons in Ireland, Department of Chemistry, Dublin, Ireland



      




      

        	Niccolò Chiaramonte



        	Royal College of Surgeons in Ireland, Department of Chemistry, Dublin, Ireland



      




      

        	Patrizia Paolicelli



        	Department of Drug Chemistry and Technologies, Sapienza University of Rome, P.le A. Moro 5, 00185 Rome, Italy



      




      

        	Silvia Di Giacomo



        	Department of Physiology and Pharmacology “V. Ersparmer”, Sapienza University of Rome, P.le Aldo Moro 5, 00185 Rome, Italy



      




      

        	Stefania Petralito



        	Department of Drug Chemistry and Technologies, Sapienza University of Rome, P.le A. Moro 5, 00185 Rome, Italy



      




      

        	Stefania Garzoli



        	Department of Drug Chemistry and Technologies, Sapienza University of Rome, P.le A. Moro 5, 00185 Rome, Italy



      


    


  




  




  




  

    Sesquiterpenes: A Terpene Subclass with Multifaceted Bioactivities




    


    Antonella Di Sotto1, *, Federico De Paolis1, Marco Gullì1, Annabella Vitalone1, Silvia Di Giacomo1




    

      1 Department of Physiology and Pharmacology V. Ersparmer, Sapienza University of Rome, P.le Aldo Moro 5, 00185 Rome, Italy


    






    

      Abstract




      Sesquiterpenes are terpene compounds, containing three isoprene units rearranged in a wide variety of structures. They occur widely in nature, not only in plants but also in fungi and marine environments. Owing to peculiar structures and diverse biological activities, they attracted great attention in pharmaceutical, medicinal chemistry and nutraceutical fields. The present chapter collects novel insights into chemistry, distribution in nature and pharmacological properties of sesquiterpenes, focusing especially on caryophyllane, lactone-type, and eremophilane subgroups, due to the growing pharmacological interest. Novel structures and alternative natural sources to be further investigated and exploited have been highlighted too. Moreover, some issues regarding toxicity risk and bioavailability of sesquiterpenes, which can limit their application in practice, have been discussed.
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      INTRODUCTION




      Terpenes are a large class of structurally diverse and widely distributed secondary metabolites, derived from a common basic building block, namely five-carbon isoprene unit (C5H8), assembled in linear chains or cyclic structures Table 1. More complex and functionalized terpenes, namely terpenoids, can also occur in nature [1].




      

        Table 1 Classification of terpene subclasses




        

          

            

              	Terpene Subclass



              	Isoprene Units



              	Number of Carbons

            


          



          

            

              	Monoterpenes



              	2



              	C10

            




            

              	Sesquiterpenes



              	3



              	C15

            




            

              	Diterpenes



              	4



              	C20

            




            

              	Sestertepenes



              	5



              	C25

            




            

              	Triterpenes



              	6



              	C30

            




            

              	Tetraterpenes



              	8



              	C40

            


          

        




      




      Two major biosynthetic routes, namely the mevalonate (MVA) pathway and 2C-methyl-D-erythritol-4-phosphate (MEP) pathway (or Rohmer pathway), have been reported to be the terpene sources [2, 3]. The MVA pathway leads to the formation of the terpenoid C5 precursors isopentenyl pyrophosphate (IPP) and dimethylallyl pyrophosphate (DMAPP): three molecules of acetyl-CoA are condensed to a 3-hydroxy-3-methylglutaryl-CoA, which is subsequently reduced to MVA, whose phosphorylation and further rearrangements lead to IPP and DMAPP (Fig. 1) In the MEP (or Rohmer) pathway, 1-deoxy-D-xylulose 5-phosphate, obtained by condensation of pyruvate and glyceraldehyde 3-phosphate, is converted into MEP which further leads to IPP and DMAPP, the basic building blocks of all terpene (Fig. 1).
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Fig. (1))


      Biosynthetic pathways of terpenes: MVA or mevalonate pathway and MEP (2C-methyl-D-erythritol-4-phosphate) or Rohmer pathway.



      Isoprene directly originates from IPP or DMAPP, while monoterpenes are synthesized from a geranyl pyrophosphate (GPP) precursor (also known as geranyl diphosphate or GDP), produced by the condensation of IPP and DMAPP (Fig. 2) [4]. GPP and one molecule of IPP can be condensed to farnesyl diphosphate (FPP), which can be further converted into different sesquiterpenes and triterpenes; furthermore, the addition of IPP to FPP leads to geranyl geranyldiphosphate (GGPP), from which diterpenes and tetraterpenes (or carotenoids) arise [4].




      Terpenes are produced by a wide variety of plants, fungi and some animals, mediating antagonistic and beneficial interactions among organisms [2]. Particularly, high terpene levels have been found in plant reproductive structures and foliage, where they can act as allelopathic compounds, mediating plant biotic and abiotic interactions [1]. Indeed, some of them, especially volatile compounds, have been exploited by plants as a weapon against herbivores and pathogens; moreover, other compounds can mediate plant metabolic adaptation to climate changes and regulate cell membrane permeability due to their lipophilic nature [5]. For instance, in response to root feeding by caterpillars, corn (Zea mais L.) roots release the sesquiterpene β-caryophyllene, which is attractive to entomopathogenic nematodes and stimulates their killing ability against herbivore larvae [6].




      The monoterpene ketone pulegone has been reported to be the main environmental defense released by Mentha pulegium L., while helivypolides, annuolides and helibisabonols are the most significant allelochemicals produced by sunflower (Helianthus annuus L.) [7, 8]. Similarly, monoterpenes and sesquiterpenes contained in the essential oil from Cinnamomum septentrionale Hand.-Mazz. produced phytotoxic effects against several species, such as Taraxacum officinale L. and Eucalyptus grandis L [8].




      Another example of allelopathic interaction is the “Salvia phenomenon”, characterized by the ability of some Salvia species (i.e. Salvia leucophylla and S. apiana) to form a typical vegetation patterning in the soil in its vicinity, due to the production of monoterpenoids (i.e. camphor, 1,8-cineol, β-pinene, α-pinene and camphene) which hinder the growth of other plants [8]. The phytotoxic effects of Salvia spp. have been also ascribed to the presence of di- and triterpene compounds, which include clerodane and neo-clerodane diterpenoids [9]; moreover, a number of phytotoxic diterpenes have been found in both plant and microorganisms [10].




      Terpenes have attracted great scientific attention due to their multiple biological properties, thus strengthening the industrial interest in their application as conservative, antioxidant, flavoring compounds, basic structures for hemisynthesis, along with the research about their possible nutraceutical and pharmacological role [1, 11-13]. Owing to the low-level exposure, terpene use is usually recognized as safe; however, some toxicity concerns to be further evaluated have been highlighted for some compounds [14-18].




      A low yield from natural sources and poor solubility in biological fluids represent the major limits for the use of terpenes. Innovative sources of terpenes have been found in metabolically engineered microbes, thus allowing to improve the production of several monoterpenes, sesquiterpenes, diterpenes and carotenoids (e.g. limonene, pinene, sabinene, santalene, bisabolene, sclareol, taxadiene, lycopene, β-carotene and astaxanthin) [19, 20]. On the other hand, suitable pharmaceutical formulations, including nanoemulsions, microcapsules and liposomes, have been evaluated as possible delivery systems to promote bioavailability and stability [21-28].




      Monoterpenes arise from GPP (Fig. 2). Table 1. and occur in nature as acyclic (linear), monocyclic and bicyclic structures, often with an oxygen-containing functional group and are the main components of essential oils. Linalool, β-myrcene, and linalyl acetate are among the most known linear compounds, while limonene, α-terpineol, 1,8-cineol (syn. eucalyptol), terpinen-4-ol, menthol, cis-verbenol, eugenol, α-pinene, isoborneol and carvacrol possess cyclic (or bicyclic) structures (Fig. 3). some of them, co-occur in essential oils being metabolically correlated [29, 30]. For instance, during red wine aging, limonene undergoes biotransformations and chemical rearrangements, leading to α-terpineol and 1,8-cineol generation, which seem to be responsible for the “eucalyptus” aroma of some red wines and to confer healing properties [31]. Different monoterpenes have been highlighted to possess interesting bioactivities, which include antimicrobial, antimutagenic, genoprotective, antioxidant, anti-inflammatory, antiproliferative, penetration enhancing, anxiolytic, myorelaxant and hypotensive ones [13, 31-45].




      The antimicrobial properties have been ascribed to the ability to interact with phospholipids, due to their high lipophilic nature, thus affecting cell membrane permeability and inducing leakage of the intracellular materials [35]. A modulation of cell membrane permeability seems to be involved in the antimutagenic and genoprotective properties too [31, 32, 35]. The ability of several monoterpenes to interact with the skin phospholipids and to enhance the percutaneous absorption of drugs, and their safe toxicity profile, have strengthened their application as penetration enhancers [32]. Moreover, the activation of transient receptor potential melastatin (TRPM8) ion channels has been found responsible for the analgesic effects of menthol [46], whereas an increased mucociliary activity and a lowered mucus production contribute to anti-inflammatory and bronchodilator effects of eucalyptol [47].
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Fig. (2))


      Biosynthesis of different terpene subclasses from the subunit IPP.



      Among the other terpene subclasses, diterpenes are generated from GGPP (Fig. 2); Table 1 and are widely diffused in nature, being produced by plants, fungi, bacteria, and animals [48]. A number of these compounds have been shown to produce diverse biological effects, thus strengthening the pharmacological interest for future applications and the biotechnological research for alternative sources [48]. For instance, taxanes e.g. taxol, (Fig. 3) and their derivatives have been studied as chemotherapeutic agents [49], while carnosic acid, abietic acid, steviol, and andrographolide (Fig. 3) displayed antiobesity properties [50]. Remarkable healing properties, including anticancer, antibacterial, genoprotective, anti-inflammatory, antidiabetic, immunomodulatory, and neuroprotective ones, have been reported for other diterpenoids, among which ginkgolides, steviosides, tanshinones, tobacco cembranoids, and abietane, labdane, ent-kaurane, isopimarane and seco-isopimarane diterpenes [51-65]. Accordingly, coffee bean diterpenes, particularly cafestol and kahweol (Fig. 3), have been found to produce anti-inflammatory and anticancer effects in preclinical models, although the adverse effects registered at high dosages have suggested the need to define appropriate intake levels [66].
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Fig. (3))


      Chemical structures of major studied monoterpenes and diterpenes.



      Triterpenes arise from two molecules of FPP (Fig. 2); Table 1 and have been identified in leaves, stems, barks, flowers and fruit peels of several plants: licorice (Glycyrrhiza glabra L.) roots, centella (Centella asiatica L.) leaves, olive (Olea europea L.) leaves, Momordica charantia L. fruit, avocado (Persea americana Mill.) seeds, and horse chestnut (Aesculus hippocastanum L.) are examples of known herbal sources of triterpenes [67-70]. Owing to their structural diversity, triterpenes are classified as tetra and pentacyclic structures; dammarane-, lanostane- or cycloartane-type compounds are the major subgroups of tetracyclic triterpenes, while lupane, oleanane and ursane derivatives are pentacyclic triterpenes [67-74]. These compounds have shown a plethora of biological activities, which include antidiabetic, cardioprotective, hepatoprotective, anti-inflammatory, antioxidative, anticancer, chemopreventive, and antimicrobial [71]. Some triterpenes, among which 1β-hydroxyaleuritolic acid 3-p-hydroxybenzoate, lupeol, uvaol, β-aescin and glycyrrhizin (Fig. 4), have been reported to possess antiviral, anti-inflammatory, and immunomodulatory properties, thus suggesting a possible interest against coronavirus infections [75].
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Fig. (4))


      Chemical structures of major studied triterpenes, sesterterpenes and tetraterpenes.



      Sesterterpenes (also named sesterpenes) originate from GGPP and IPP (Fig. 2) ; Table 1. and have been mainly found in fungi and marine species [76]. Ophiobolins, which are fungal metabolites, represent the major investigated sesterterpenes for their bioactivities [76]. Ophiobolin A (Fig. 4) isolated from the pathogenic plant fungus Ophiobolus miyabeanus, exhibited remarkable antiproliferative, antibacterial, antiparasitic, antiviral and immunomodulatory effects [77]. Particularly, it produced cytotoxic and pro-apoptotic effects in different cancer cell lines, and reduced tumor size in vivo xenograft models of breast cancer [77]. Antiproliferative properties have been also highlighted for other ophiobolins and some hypotheses about the structure-activity relationship have been made [77]. However, more deep studies are required to better defined the anticancer mechanisms of these compounds and their possible usefulness.




      Regarding tetraterpenes, also known as carotenoids, they are natural pigments exhibiting yellow, orange, red and purple colors, and contain eight isoprene units with a 40-carbon skeleton Table 1 [78]. Their biosynthesis arises from the condensation of two molecules of GGPP (Fig. 2) and occur as essential pigments in different photosynthetic organisms, such as bacteria, some species of archaea and fungi, algae, plants, and animals [78]. They are not produced by animals, while can be introduced by food and further modified through metabolic reactions [78, 79]. Particularly, carotenoids which contain unsubstituted β-ionone rings (i.e. α-, β- and γ-carotenes, β-cryptoxanthin; (Fig. 4) are defined as pro-vitamin A, being retinoid precursors [79-81]. In marine environment, these compounds are produced by both autotrophic and non-photosynthetic organisms [79].




      Carotenoids exert important physiological functions (i.e. hormones, photo-protectors, antioxidants, color attractants) also in non-photosynthetic organs of plants [78, 82]. Similar roles have been reported in animals, wherein carotenoids act as photo-protectors, antioxidants, enhancers of immunity, and as signals for biotic interactions, both intra- and interspecies [80, 82, 83]. The antioxidant properties have been ascribed to the radical scavenger abilities of carotenoids, which seem to be due to both physical and chemical reactions [79]. Several studies have highlighted an important role of carotenoids in the control of different organ functions and in the preventions and treatment of human disorders, including diabetes, obesity, neurodegeneration, cardiovascular, prostate and eye diseases, and cancer [84-92]. For instance, lutein and zeaxanthin (Fig. 4), the major carotenoids found in human milk, are involved in the visual and cognitive development of infants [93]. Similarly, high dietary intake and blood concentrations of lutein are associated with a lowered risk of coronary heart disease and stroke [94]. Moreover, β-carotene, lutein, and zeaxanthin (Fig. 4) were found able to protect the retina and lens from photochemical damage induced by light exposure, thus suggesting a potential interest in the prevention of eye diseases [87]. Beneficial effects of dietary carotenoids, such as lycopene, fucoxanthin, astaxanthin, crocin, and crocetin, have been reported also in preclinical models of neurodegenerative diseases; however, clinical confirmations are needed to support future pharmacological application [95].




      The present chapter is focused on the sesquiterpene subgroup and collects novel insights about their chemistry, distribution in nature and pharmacological properties. Some issues regarding toxicity and bioavailability have been discussed too. Owing to the growing pharmacological interest, caryophyllane, lactone-type, and eremophilane sesquiterpenes have been analysed in more detail.
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Fig. (5))


      Biosynthetic pathways of sesquiterpenes.

    




    

      SESQUITERPENES




      Sesquiterpenes are characterized by three isoprene units (C15H24) and are widely distributed in nature. Great amount has been found in plants especially in Asteraceae family, where they represent the characteristic constituents [96]. However, they have been reported from several plant families, such as Acanthaceae, Amaranthaceae, Apiaceae, Magnoliaceae and Lamiaceae [97]. A large number of sesquiterpenes have also been identified in marine species (e.g. Actinocyclus papillatus, Sclerodoris tanya, Bathydoris hodgsoni) [98], along with bacteria (e.g. Streptomyces citreus, Streptomyces clavuligerus and Roseiflexus castenholzii) [99], and fungi (e.g. Trichoderma virens, Trichothecium roseum Periconia sp.) [100-102]. They originate from the condensation of geranyl pyrophosphate (GPP) with a molecule of 3-isopentenyl pyrophosphate (IPP) to yield a farnesyl pyrophosphate (FPP) which represents their precursor (Fig. 5)




      Indeed, a farnesyl cation is generated by the loss of the diphosphate moiety (OPP) of FPP, whose isomerization, cyclization and rearrangements lead to a wide range of acyclic, monocyclic and ring-fused structures [103].




      Acyclic sesquiterpenes, containing a farnesane skeleton, are directly obtained by farnesyl cation, while nerolidyl cation, obtained by farnesyl cation isomerization, is the precursor of bisabolene, cadinane-type, longifolene sesquiterpenes and hydroazulenes [103, 104]. Moreover, different cyclizations and modifications of farnesyl cation leads to (E,E) humulyl and germacradienyl cations, from which caryophyllane and lactone sesquiterpenes (e.g. germacranolides, guaianolides, pseudoguanolides, xanthanolides, eudesmanolides) arise, respectively [105, 106]. Indeed, rearrangements of germacradienyl cation generate a germacrane precursor, whose cyclizations lead to a guaianolide or eudesmane skeleton, from which guanolides and eremophilane sesquiterpenes come from, respectively [106, 107]. Terpene synthases is the enzyme which drives the biosynthesis; afterwards, oxidation, reduction, isomerization, and conjugation reactions determine further modifications of the basic skeletons generating a huge number of different compounds with linear, cyclic, bicyclic, and tricyclic structures, some of which also possess a lactone ring [108].




      The unique structure combinations of these secondary metabolites confer them many biological properties, such as insect antifeedant, antiprotozoal, antispasmodic [97], antibacterial, antiviral, cytotoxic, antitumor, anti-inflammatory [109], immunomodulatory, chemopreventive [105], antioxidant [110], anti-ulcer [111], anti-diabetic and lipid-lowering [111]. In the next paragraphs, details about chemistry and natural occurrence of caryophyllane, lactone-type, and eremophilane sesquiterpenes, along with their pharmacological properties are reported.


    




    

      CARYOPHYLLANE SESQUITERPENES




      

        Chemistry and Distribution in Nature




        Caryophyllane sesquiterpenes contain a caryophyllane skeleton, characterized by a dimethylcyclobutane fused with a nine-membered ring, containing a trans-endocyclic (4-5) double bond, whose oxidation generates their epoxide derivatives [105]. In plants, caryophyllane scaffold originates from a caryophyllenyl cation, obtained by the enzymatic polycyclization of FPP cyclization through the (E,E)-humulyl carbocation [112].




        These compounds widely occur in plants, especially in essential oils, although numerous similar structures have been found in marine species and fungi [105]. Essential oils usually contain mixtures of different sesquiterpenes, especially β-caryophyllene, β-caryophyllene oxide, α-humulene and isocaryophyllene (Fig. 6), and minor metabolites. β-Caryophyllene (or trans-caryophyllene) represents the first compound identified in nature, along with its cis-isomer isocaryophyllene (or as γ-caryophyllene), while β-caryophyllene oxide represents its epoxide metabolite [113]. β-Caryophyllene has been found in plant rhizome and wine too [104, 114, 115]. α-Humulene (or α-caryophyllene) is considered an opened-ring isomer of trans-caryophyllene [116].




        

          Table 2 Caryophyllane sesquiterpenes identified in nature.




          

            

              

                	Compounds



                	Natural Occurrence



                	Major Sources/Plant Family



                	Ref.

              


            



            

              

                	β-Caryophyllene



                	Plants



                	
Scutellaria californica A. Gray/ Lamiaceae Eugenia caryophyllata L./ Myrtaceae


                Copaifera langsdorffii Desf./ Fabaceae Orthodon dianthera Maxim./ Lamiaceae Nepeta curviflora Boiss./ Lamiaceae


                Piper nigrum L./ Piperaceae


                Zingiber nimmonii (J. Graham) Dalzell/ Zingiberaceae



                	[105]

              




              

                	β-Caryophyllene oxide



                	Plants



                	
Tephrosia persica Boiss./ Fabaceae


                Plinia dermatodes Urb./ Myrtaceae


                Eugenia caryophyllata L./ Myrtaceae


                Eugenia rocana Britt. et Wils./ Myrtaceae Syzygium gardneri Thw./ Myrtaceae


                Tagetes patula L./ Asteraceae


                Psidium salutare (HBK) Berg./ Myrtaceae



                	[105]

              




              

                	α-Humulene



                	Plants



                	
Cachrys alpina Bieb./ Apiaceae


                Callistemon polandii F.M.Bailey./ Myrtaceae Helichrysum stoechas ssp. barrelieri var. spathulatum/ Asteraceae Lycopus australis R. Br./ Lamiaceae


                Stachys lanata K. Koch/ Lamiaceae


                Zingiber nimmonii (J. Graham) Dalzell/ Zingiberaceae



                	[105]

              




              

                	Isocaryophyllene



                	Plants



                	
Baccharis coridifolia DC./ Asteraceae Jasminum sambac L./ Oleaceae


                Lantana camara L./ Verbenaceae


                Hypericum heterophyllum Vent./ Hypericaceae



                	[105]

              




              

                	Kobusone



                	Marine species



                	Rumphella antipathies



                	[117]

              




              

                	Isokobusone



                	Marine species



                	Rumphella antipathies



                	[118]

              




              

                	Nanocaryophyllenes A, B



                	Marine species



                	
Sinularia nanolobata V.



                	[119]

              




              

                	Rumphellatins A, B and C



                	Marine species



                	Rumphella antipathies



                	[120-122]

              




              

                	Rumphellolides A-F



                	Marine species



                	Rumphella antipathies



                	[123]

              




              

                	Sinunorcaryophyllenol



                	Marine species



                	
Sinularia sp.



                	[124]

              




              

                	Suberosols A-D



                	Marine species



                	
Subergiorgia suberosa P.



                	[125]

              




              

                	Caryophyllene derivatives



                	Fungi from marine species



                	
Ascotricha sp. ZJ-M-5




                	[126]

              




              

                	Cytosporinols



                	Fungi



                	
Cytospora sp.



                	[127

              




              

                	Fuscoatrol



                	Fungi



                	Humicola fuscoatra



                	[128]

              




              

                	6-Hydroxypunctaporonins



                	Fungi



                	
Pestalotiopsis disseminate T.



                	[129]

              




              

                	Pestalotiopsins



                	Fungi



                	
Pestalotiopsis spp.



                	[129-131]

              




              

                	Highly oxigenated derivativesa




                	Fungi



                	
Pestalotiopsis spp.



                	[132]

              




              

                	Punctaporonins



                	Fungi



                	Hansfordia sinuosae



                	[133]

              




              

                	Punctatins



                	Fungi



                	Poronia punctata



                	[134]

              




              

                	Sch 725432, Sch 601253, Sch 601254, and Sch 725434



                	Fungi



                	Chrysosporium pilosum



                	[135]

              




              

                	Walleminol, walleminone



                	Fungi



                	
Wallemia sebi J-O



                	[136]

              


            

          




          

            aPestalotiopsolide A, taedolidol, 6-epitaedolidol.

          




        




        Owing to the flexibility of the nine-membered ring and the high reactivity of the endocyclic 4,5-double bond [113], caryophyllane skeleton can undergo rearrangements and cyclization reactions, leading to the generation of a number of caryophyllane-like compounds and polycyclic derivatives Table 2 [105].




        For instance, rumphellatins, kobusone, isokobusone, sinunorcaryophyllenol and rumphellolides are chloro-containing caryophyllane-type structures (Fig. 6) [117, 118, 120-123]. Suberosols, fuscoatrol A, buddledins and cytosporinols are β-caryophyllene derivatives, while walleminol and walleminone are cis-fused isocaryophyllenes (Fig. 6) [125, 127, 128, 136]. Pestalotiopsins, pestaloporinates, punctaporonin, pestaloporonins, punctatins and trioxygenated caryophyllenes (Sch 601253, Sch 601254, and Sch 725434) are classified as polycyclic highly oxygenated structures [129-135].
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Fig. (6))


        Examples of caryophyllane sesquiterpene chemical structures.



        Rumphellatins, kobusone, isokobusone and rumphellolides have been isolated from a Formosan soft sea coral Rumphella antipathies [117, 118, 120, 121, 123], nanonorcaryophyllenes A and B from the Taiwanese soft coral Sinularia nanolobata [119], while the norsesquiterpene sinunorcaryophyllenol from Sinularia sp [124]. Moreover, suberosols A, B, C, and D, along with buddledins C and D were identified in the Taiwanese gorgonian coral Subergorgia suberosa [125]. Other compounds (e.g. pestalotiopsins, 6-hydroxypunctaporonin, pestaloporonins A-C, and the highly oxidazed caryophyllene derivatives pestalotiopsolide A, taedolidol and 6-epitaedolidol) have been identified in Pestalotiopis species, isolated from the bark of various plants [129-132, 137, 138]. Pestalotiopsins-like sesquiterpenes were also found in the marine fungus Ascotricha sp. ZJ-M-5 [126]. Likewise, the following caryophyllene sesquiterpenoids were isolated from the cultures of endophytic fungi: punctatins from Poronia punctata, walleminol and walleminone from Wallemia sebi, fuscoatrol A from Humicola fuscoatra, Sch 725432, Sch 601253, Sch 601254, and Sch 725434 from Chrysosporium pilosum, cytosporinols from Cytospora sp., and punctaporonins H–M from Hansfordia sinuosae [127, 128, 133-136].


      




      

        Pharmacological Properties




        Biological activities of caryophyllane sesquiterpenes have been investigated in different experimental models. Compounds from marine species, including fuscoatrol and rumphellatins A and B showed interesting antimicrobial activities [120, 121, 128], while pestalotiopsins displayed immunosuppresive properties [130]. Different caryophyllane sesquiterpenoids hindered growth and proliferation of cancer cell lines. Particularly, nanocaryophyllene B produced cytotoxic effects in human colon and liver cancer cells, despite a null activity of its trans-isomer [119]. Similarly, sesquiterpenes isolated from Ascotricha, suberosols and pestalotiopsin A were highly cytotoxic in human leukaemic cells 125,126,139]. Interestingly, the cis-pestalotiopsin A was the most potent isomer [139]. By contrast, moderate cancer cytotoxicity was reported for cytosporinols and punctaporonins, while sinunorcaryophyllenol was not cytotoxic [124, 127, 133]. However, no evidence about a possible structure-activity relationship and the mechanisms involved is available.




        Caryophyllane sesquiterpenes from plants, including β-caryophyllene, β-caryophyllene oxide, isocaryophyllene and α-humulene attracted a greater attention [105]. A plethora of biological activities, including antibacterial, antifungal, antioxidant, chemopreventive, antiproliferative and anticancer have been highlighted in preclinical models [140-142]. α-Humulene and isocaryophyllene displayed a higher antiproliferative power than β-caryophyllene and β-caryophyllene oxide [143, 144], thus suggesting that the cis-configuration of caryophyllane skeleton can be responsible for a more potent cytotoxicity [105]. Indeed, highly cytotoxic sesquiterpenes, such as pestalotiopsin A and nanocaryophyllene B, possessed a cis-ring [105].




        An involvement of apoptotic cell death has been also associated to the antiproliferative activity of caryophyllane sesquiterpenes; particularly, the proapoptotic effects of β-caryophyllene have been associated to the activation of mitochondrial-mediated pathways, DNA fragmentation, down-regulation of anti-apoptotic, up-regulation of pro-apoptotic genes and reduced metastasizing power [105, 145-147]. A switch from autophagy to apoptosis has been also reported in glioblastoma cells [148]. However, these effects did not occur at low concentrations of β-caryophyllene, thus suggesting a dose-dependent regulation of apoptosis [149]. Similarly, α-humulene and β-caryophyllene oxide produced proapoptotic effects in different cancer cells [150].




        A downregulation of JAK1/STAT3, NF-kB and PI3K/AKT/mTOR/S6K1 signallings has been associated with the proapoptotic effects of caryophyllane sesquiterpenes in cancer cells [145, 149, 151, 152]. Moreover, apoptosis induced by β-caryophyllene has been found associated with a cannabinoid CB2 receptors (CB2R) modulation [148]. Indeed, the compound is known to act as an agonist of CB2R and as a modulator of other targets of endocannabinoidome, such as peroxisome proliferator-activated receptors (PPARs) [153, 154].




        An activation of CB2R by β-caryophyllene has been highlighted in different models of inflammatory diseases (such as pain, neurodegeneration, atherosclerosis, anxiety, chronic inflammation, metabolic ailments, arthritis, ulcerative colitis, autoimmune diseases and some types of cancer), and is involved in its anti-inflammatory and antinociceptive effects [105, 155-166]. Similarly, anti inflammatory properties along with a modulation of CB2R have been reported for β-caryophyllene oxide and α-humulene, albeit less characterized [167-171]. A modulation of different pro-inflammatory pathways, such as iNOS (inducible nitric oxide synthase), TNF-α (tumor necrosis factor-alfa) and NF-κB (nuclear factor-κB), interleukin 1 beta (IL-1β), interleukin-6 (IL-6), cyclooxygenase 1 (COX-1), and cyclooxygenase 2 (COX-2), and redox signallings (e.g. Nrf2 and GSH) has been associated with anti-inflammatory effects of these caryophyllane sesquiterpenes [153, 172-174]. Furthermore, an inhibition of fatty acid amide hydrolase (FAAH), a further target of endocannabinoidome, has been associated with the chemical features of the caryophyllane scaffold [175]. On the basis of this evidence, the anti-inflammatory activity of these sesquiterpenes, especially β-caryophyllene, could be a result of a multitarget modulation, including FAAH and COX-2 enzymes and CB2Rs [175].




        Anti-inflammatory properties along with antioxidant effects also mediated the cytoprotective and chemopreventive activity of these sesquiterpenes in different preclinical models [105, 172, 176-185]. Particularly, β-caryophyllene showed to counteract the oxidative, genotoxic and proapoptotic damage induced by anticancer drugs in epithelial cells [149, 183-185]. Comparing the effects in noncancerous cholangiocytes and those in Mz-ChA-1 cholangiocarcinoma cells, the sesquiterpene produced mild genoprotective effects towards DNA-damage induced by doxorubicin, likely due to defective DNA repair systems [149]. This suggested a dual action of β-caryophyllene as cytoprotective in normal cells and chemosensitizer in cancerous ones [149]. The genoprotective properties of β-caryophyllene and β-caryophyllene oxide have been investigated in both bacterial and mammalian cells against different carcinogens and environmental pollutants, such as cigarette smoke and butts, aromatic amins and nitroarenes [105], and resulted to be mediated by desmutagenic and bioantimutagenic mechanisms [34, 186, 187].




        Interesting chemosensitizing effects were highlighted for β-caryophyllene, β-caryophyllene oxide and α-humulene in combination studies, in which nontoxic concentrations of the compounds synergistically potentiate the efficacy of different anticancer drugs, such as doxorubicin, sorafenib and paclitaxel [105, 144, 185, 188]. Potentiation of anticancer drug activity by caryophyllane sesquiterpenes has been mainly ascribed to the inhibition of efflux pumps, especially P-glycoprotein (Pgp), MRP1 and MRP2 transporters. A mechanistic study revealed that β-caryophyllene and β-caryophyllene oxide inhibited both function Pgp and expression of Pgp [189]. Moreover, a direct interaction of caryophyllane scaffold in a hydrophobic space next to the nucleotide binding domain of the protein was highlighted by a molecular docking study [189]. Considering that Pgp is codified by mdr1 gene, which is transcriptionally regulated by STAT3, blocking the activation of STAT3 has been hypothesized to be involved in the modulation of Pgp expression by caryophyllane sesquiterpenes [105]. Owing to the lipophile nature of these compounds, a modulation of membrane permeability, which in turn can interfere with function of membrane transporters, has been also reported [26].




        Caryophyllane sesquiterpenes, especially β-caryophyllene, have been reported to modulate glucose metabolism by a CB2R-mediated increase in the insulin secretion in different animal models of diabetes [190]. This effect was found associated with improved levels of antioxidant enzymes, thus confirming the antioxidant potential of β-caryophyllene and suggesting its ability to prevent oxidative stress and related complications of the diabetes [191]. Moreover, it displayed hypolipidemic properties by decreasing the levels of total cholesterol, triglycerides and low-density lipoprotein (LDL), likely through affecting HMG-CoA reductase activity [192-194].




        The interesting healing properties of caryophyllane sesquiterpenes are limited by their high lipophilicity and poor bioavailability, which can lead to inconstant biological responses. To overcome this drawback, different pharmaceutical formulations, including nanoparticles, liposomes, and cyclodextrins have been proposed [105], albeit at the moment further studies are needed.


      


    




    

      SESQUITERPENE LACTONES




      

        Chemistry and Distribution in Nature




        Sesquiterpene lactones (SLs) are chemically distinct from other sesquiterpenoids. Indeed, besides being constituted of three isoprene units arranged by cyclase enzymes in several characteristic ring systems, they possess one or more γ-lactone rings formed by the action of oxidase enzymes, which determines the formation of the characteristic and peculiar structures present in nature (Fig. 7) [195].
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Fig. (7))


        Biosynthesis of guaianolide-type sesquiterpenes.



        According to lactone ring annulations, SLs can be divided into two classes, namely 6,12- (e.g., costunolide, parthenolide, santonin, matricin) and 8,12-olides (e.g., inunolide, alantolactone, thapsigargin, helenalin) (Fig. 8) [196].




        However, SLs differ each other also for the type and position of the substituents, as well as the size of the non-lactone ring. Based on these structural differences, SLs can be divided into several subclasses, among which the major are represented by eudesmanolide with a 6/6 bicyclic structure, guaianolide and pseudoguaianolide both having a 5 and 7 ring pattern, germacranolide with a 10-membered ring, and xanthanolide which presents a non-cyclic carbon chain and a seven-membered ring (Fig. 9) [197]. There are also several minor types that are described by different authors, namely bisabolenolides, drimanolides, eremophilenolides, fukinanolides, elemanolides, germafurenolides, tutinanolides, and cadinanolides [198].
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Fig. (8))


        Examples of sesquiterpene lactone chemical structures.
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Fig. (9))


        Structure skeleton of some subclasses of sesquiterpene lactones. Modified from Nunez, 1992 [201].



        The presence of the α-methylene-γ-lactone nucleus, the α,β-unsaturated carbonyl group, and other electrophilic sites in the SL structure seems to be important moieties that influence their biological properties. Particularly, the activity displayed by SLs depends on the number of alkylating groups in their structure, being two the optimal number [197]. Both the α-methylene-γ-lactone nucleus and the α,β-unsaturated carbonyl group act as strong alkylating agents that may react with intracellular nucleophiles (e.g. thiol groups of proteins, cysteine residue in GSH) by Michael-type addition. Consequently, SLs could impair cell functionality by affecting gene regulation, protein synthesis, and cell metabolism [199].




        However, SL bioavailability is limited by their lipophilicity and molecular geometry [199]. Therefore, new synthetic derivatives and delivery systems have been approached by researchers in order to exploit the advantage resulting from the therapeutic application of these compounds [200].




        SLs are colourless, bitter, and stable compounds, mainly found in species of the plant kingdom although further structures have been highlighted in marine species and fungi [199]. Particularly, the majority of SLs (more than 90%) has been characterized in Asteraceae family, which also includes common edible plants such as lettuce, chicory, endive, artichokes, salsify, sunflower seed, and dandelion [202]. Examples of SLs Fig. 8 of biological interest are represented by alantolactone and isoalantolactone from the root of Inula helenium L., parthenolide from Tanacetum parthenium L. shoots, arglabin from Artemisia spp. aerial parts, cynaropicrin from Cynara scolymus L. leaves, lactucin, 8-desoxylactucin, and lactucopicrin from Cichorium intybus L. and Lactuca virosa L. roots, and artemisinin from Artemisia annua L. leaves [198, 203-209].




        SLs are also present in less amount in Lauraceae, Asclepiadaceae, Araliaceae, Annonaceae, and Lamiaceae [109]. Some examples are magnolialide and santamarine from Laurus nobilis L. leaves, guatterfriesols A-C from Guatteria friesiana (W.A. Rodrigues) Erkens & Maas stem barks, and eudebeiolides A−F from Salvia plebeia R. Br. aerial parts [210-212]. In Table 3, some SLs present in the plant kingdom are reported and divided based on their chemical structure.




        

          Table 3 Sesquiterpene lactones present in the plant kingdom.




          

            

              

                	Compounds



                	Plant Source/Family



                	Part of Interest



                	Ref.

              


            



            

              

                	Eudesmanolide-type sesquiterpenes lactones

              




              

                	Alantolactone


                Isoalantolactone



                	
Inula helenium L./Asteraceae



                	Root



                	[203]

              




              

                	Artemargyinins A-F



                	
Artemisia argyi Levl. et Vant./Asteraceae



                	Leaves



                	[213]

              




              

                	Eudebeiolides A−F


                Plebeiolide C



                	
Salvia plebeia R. Br./Lamiaceae



                	Aerial parts



                	[212, 214]

              




              

                	Ivalin


                Telekin



                	
Carpesium divaricatum Siebold. & Zucc./Asteraceae



                	Whole plant



                	[215, 216]

              




              

                	Germacranolide-type sesquiterpene lactones

              




              

                	Costunolide



                	
Costus speciosus (J. Koenig) Sm./Costaceae



                	Rhizome



                	[217]

              




              

                	Enhydrin


                Uvedalin


                Polymatin B



                	
Smallanthus sonchifolius (Poepp & Endl.) H. Robinson/Asteraceae



                	Aerial parts



                	[218]

              




              

                	Laserolide



                	
Laser trilobum (L.) Borkh/Apiaceae



                	Roots



                	[219]

              




              

                	Parthenolide



                	
Tanacetum parthenium L./Asteraceae




                	Shoots



                	[204]

              




              

                	Guaianolide-type sesquiterpene lactones

              




              

                	Arglabin



                	
Artemisia spp./Asteraceae



                	Aerial parts



                	[205]

              




              

                	Cynaropicrin



                	
Cynara scolymus L./Asteraceae




                	Leaves



                	[206]

              




              

                	Inuviscolide



                	
Ferula communis L./Apiaceae


                Inula viscosa (L.) Ait./Asteraceae



                	Aerial parts and roots


                Young shoots



                	[220]

              




              

                	Lactucin


                8-desoxylactucin


                Lactucopicrin



                	
Cichorium intybus L.


                Lactuca virosa L./Asteraceae



                	Roots



                	[207, 209]

              




              

                	Thapsigargin



                	
Thapsia garganica L. /Apiaceae




                	Roots and fruits



                	[221]

              




              

                	Trilobolide



                	
Laser trilobum (L.) Borkh/Apiaceae



                	Roots



                	[219]

              




              

                	Pseudoguaionolide-type sesquiterpene lactones

              




              

                	Hymenin


                Ambrosanolide


                Tetraneurin A


                Parthenin


                Hysterin


                Confertdiolide



                	
Partienium hysterophorus L./Asteraceae



                	Whole plant



                	[222]

              




              

                	Confertin


                Neoambrosin



                	
Ambrosia spp./Asteraceae



                	Twigs and leaves



                	[223]

              




              

                	Helenalin



                	
Arnica spp.


                Helenium spp./Asteraceae



                	Flowers



                	[197]

              




              

                	Mexicanin I



                	
Gaillardia megapotamica (Spreng.) Baker/Asteraceae



                	Aerial parts



                	[224]

              




              

                	Tenulin



                	
Helenium amarum (Raf.) H.Rock/Asteraceae



                	Leaves and stems



                	[225, 226]

              




              

                	Xanthanolide-type sesquiterpene lactones

              




              

                	Pungiolide A, D, E



                	
Xanthium sibiricum Patr./Asteraceae



                	Aerial parts



                	[227]

              




              

                	Mogolides A, B



                	
Xanthium mogolium Kitag/Asteraceae



                	Aerial parts



                	[228]

              




              

                	Xanthalongin



                	
Arnica longifolia D.C. Eaton/Asteraceae



                	Flowerheads



                	[229]

              




              

                	Xanthinin


                Xanthatin


                Stizolicin


                Solstitialin



                	
Xanthium spinosum L./Asteraceae



                	Aerial parts



                	[230]

              




              

                	Cadinanolide-type sesquiterpene lactones

              




              

                	Artemisinin



                	
Artemisia annua L./Asteraceae



                	Leaves



                	[198, 208]

              




              

                	Spicatocadinanolide A



                	
Pseudoelephantopus spicatus (Juss.) C.F. Baker/Asteraceae



                	Aerial parts



                	[231]

              


            

          




        


      




      

        Pharmacological Properties




        SLs exhibit a wide range of biological activities, such as antimalarial, antibacterial, antioxidant, antitumor, anti-inflammatory, neuroprotective, hepatoprotective, and immunomodulatory properties [197]. As previously mentioned, the presence of the α-methylene-γ-lactone nucleus and the α,β-unsaturated carbonyl group has a crucial role in almost all the observed biological effects [197].




        The antibacterial activity of SLs is mainly due to their lipophilicity. Indeed, they can easily permeate through the cell wall and cell membrane, so disrupting membrane integrity and potential. This leads to leakage of cellular contents, denaturation of cytoplasmic proteins, and inactivation of cellular enzymes with consequently bacterial cell death [232, 233]. SLs seem to possess a higher activity against Gram-positive species respect to Gram-negative ones. Helenalin and alantolactone (Fig. 9) are examples of SLs with antibacterial activity. Particularly, helenalin showed an inhibitory action against Mycobacterium tuberculosis and Corynebacterium diptheriae, while alantolactone against Staphylococcus aureus [233, 234]. Recently, it has also been showed that alantolactone exerts its antimicrobial effect against Staphylococcus aureus also by enhancing its clearance and modulating host immune response [235].




        Several SLs have also showed to possess antimalarial activity, being artemisinin the most representative due to its medical application. This compound is a highly oxygenated sesquiterpene, containing a unique 1,2,4-trioxane ring structure, which is responsible for the antimalarial activity. Particularly, artemisinin is activated by reduced heme, a byproduct of hemoglobin endocytosis and catabolism within Plasmodium parasite. The cleavage of the endoperoxide bridge generates a free radical that alkylate and damage Plasmodium proteins and lipids, leading to death. This suicide activation led to a concomitant 10,000-fold reduction in parasite density in human patients [236]. Artemisinin (Fig. 9) was found to be superior to conventional antimalarial drugs, such as chloroquine and quinine, and also completely effective in the treatment of chloroquine-resistant falciparum malaria [196]. However, recently, Plasmodium parasites resistant to artemisinin have been highlighted [236]. Due to the low bioavailability of artemisinin, which limits its effectiveness, several semisynthetic derivatives such as artemether, arteether, and artesunate have been developed [236].




        In the last years, many natural SLs have been investigated for their potential antitumor properties, some of which (such as parthenolide, artemisinin and its derivatives) were under clinical evaluations [237-239]. In vitro and in vivo studies showed that these compounds are able to inhibit cell cycle and proliferation, and to induce apoptosis [199]. The exact mechanism of SLs anticancer activity is not well elucidated yet, but it is probably due to their interaction with multiple pathways. Indeed, they act as alkylating agents leading to inhibition of key enzymes and proteins (e.g. glutathione, farnesyl protein transferase enzyme); moreover, emerging data suggest that they also determine an overproduction of reactive oxygen species (ROS), so impairing the intracellular redox homeostasis. At last, the induction of apoptosis through the inhibition of STAT3 signalling have been recognized in different cellular and animal models of cancer [197, 199]. Alantolactone, parthenolide, arglabin, costunolide, and cynaropicrin are examples of SLs with anticancer activity [197]. Particularly, arglabin has been used in the therapy of several cancer types (e.g. breast, lung, liver, esophageal tumors) in oncological clinics of Kazakhstan and showed to significantly reduce the tumor volume in esophageal carcinoma patient [240]. Noteworthy, alantolactone and costunolide have also displayed, in vitro and in vivo studies, to be potent chemosensitizing agents able to reverse the multidrug resistance which often occur during cancer therapy [197].




        At last, SLs have shown to be potent anti-inflammatory agents through the inhibition of NF-kB pathway. This protein complex regulates the expression of many key genes involved in inflammation and human cancers, so it represents a promising target for the development of new chemopreventive and chemotherapeutic agents [241]. Some important SLs which have displayed anti-inflammatory activity are alantolactone, arglabin, costunolide, helenalin, and parthenolide [242]. Particularly, mechanistic studies have revealed that costunolide and parthenolide, owing to their α,β-unsaturated carbonyl group, significantly inhibit NF-kB activation by preventing the phosphorylation of IkB, and therefore, sequestering the complex in an inactive form [242]. Conversely, helenalin, which contains an α,β-unsaturated carbonyl group and an α-methylene-δ-lactone ring, seems to exert its effect by direct alkylation of the p65 subunit of NF-kB without inhibition of IkB degradation. It seems that helenalin selectively modifies the p-65 subunit of NF-kB at the nuclear level, therefore inhibiting its DNA binding [242].


      


    




    

      EREMOPHYLANE SESQUITERPENES




      

        Chemistry and Distribution in Nature




        Eremophilanes are 6-carbon bicyclic sesquiterpenes, containing only two complete isoprene subunits; compounds carrying a 5-membered ring can be included too [243]. They are derived from eudesmane by a methyl shift across the ring junction (Fig. 10) and are structurally nonconform to the isoprene rule of Wallach, according to which terpenes are multiples of isoprene subunits, arranged head-to-tail [243]. The first eremophilanoid sesquiterpene, namely eremophilone, was isolated in 1932 from the oil of Eremophila mitchelli Benth. wood. Other similar structures, some of which in oxygenated forms (e.g., eremophilane alcohol, eremophilane acid, eremophilane lactone) have been identified [108].




        
[image: ]


Fig. (10))


        Conversion of eudesmane in the eremophilane skeleton.



        Owing to their carbon framework and stereochemistry, eremophilanoid sesquiterpenes can be classified in seven major subgroups, including bicyclic eremophilanes, furanoeremophilanes, 4-epi-eremophilanes, nootkatanes (or bicyclic 7-epi-eremophilanes), tricyclic 7-epi-eremophilanes, ishwarenes, and noreremophilanes Table 4.




        

          Table 4 Major groups of eremophilane sesquiterpenes and their occurrence in plant kingdom.




          

            

              

                	Compounds



                	Plant source/Family



                	Part of interest



                	Ref.

              


            



            

              

                	Bicyclic Eremophilanes

              




              

                	Alloeremophilone



                	
Eremophila mitchelli Benth./Scrophulariaceae



                	Heartwood



                	[244]

              




              

                	Eremoligenol



                	
Ligularia fischeri Ledeb. Turcz./Asteraceae



                	Root



                	[245]

              




              

                	Eremophilene



                	
Petasites albus L. Gaertn/Asteraceae



                	Leaves, flower stems and rhizomes



                	[246]

              




              

                	
Petasites hybridus (L.) G. Gaertn., B. Mey & Scherb/Asteraceae



                	Leaves, flower stems and rhizomes



                	[246]

              




              

                	
Petasites japonicus (Siebold & Zucc.) Maxim./Asteraceae



                	Rhizome



                	[247]

              




              

                	
Pogostemon cablin Benth (patchouli oil)/Lamiaceae



                	Leaves



                	[248]

              




              

                	
Valeriana officinalis L./Valerianaceae



                	Root



                	[249]

              




              

                	Eremophilone



                	
Eremophila mitchelli Benth./Scrophulariaceae



                	Root



                	[244]

              




              

                	Fukinone



                	
Petasites japonicus (Siebold & Zucc.) Maxim./Asteraceae



                	Fresh bud



                	[246]

              




              

                	Petasin



                	
Petasites hybridus (L.) Gaertn., B. Mey & Scherb/Asteraceae



                	Rhizome



                	[246]

              




              

                	
Ligularia fischeri Ledeb. Turcz./Asteraceae



                	Root



                	[245]

              




              

                	S-petasin



                	
Petasites hybridus (L.) Gaertn., B. Mey & Scherb/Asteraceae



                	Rhizome



                	[246]

              




              

                	PR toxin



                	
Penicillium roqueforti Thom/Aspergillaceae



                	Fungus



                	[250]

              




              

                	S-Japonin



                	
Petasites japonicus (Siebold & Zucc.) Maxim. var. Aichiwasebuki/Asteraceae



                	Leaves



                	[246]

              




              

                	Warbugiadione



                	
Warburgia ugandensis Sprague/Canellaceae



                	Heartwood



                	[251]

              




              

                	Xylarenona A-B



                	
Xylaria Hillex ex Schrank/Xylariaceae



                	Fungus



                	[252]

              




              

                	Furanoeremophilanes type - Butenolactones

              




              

                	Bieremoligularolide



                	
Ligularia muliensis Hand.-Mazz./Asteraceae



                	Root



                	[253]

              




              

                	Eremophilenolide



                	
Petasites hybridus (L.) G. Gaertn., B. Mey & Scherb/Asteraceae



                	Rhizome



                	[246]

              




              

                	Ligularenolide



                	
Ligularia sibirica L. Cass./Asteraceae



                	Leaves



                	[254]

              




              

                	Petasitolide A


                Petasitolide B


                S-Petasitolide A


                S-Petasitolide B



                	
Petasites hybridus (L.) G. Gaertn., B. Mey & Scherb/Asteraceae



                	Rhizome



                	[246]

              




              

                	Senecio aegyptius L./Asteraceae




                	Flowering plant



                	[255]

              




              

                	Furanoeremophilanes type - Furanolactones

              




              

                	Adenostylone



                	
Adenostyles alliariae (Gouan) A. Kern./Asteraceae



                	Rhizome



                	[256]

              




              

                	Berkeasmin A



                	
Paraphaeosphaeria O. E. Erikss./Didymosphaeriaceae



                	Fungus



                	[257]

              




              

                	Decompostin



                	
Psacalium decompositum (A. Gray) H. Rob & Brettell/Asteraceae



                	Roots



                	[258]

              




              

                	Euryopsol



                	
Euryops spp./Asteraceae



                	Resin



                	[259]

              




              

                	Furanofukinol



                	
Petasites japonicus (Siebold & Zucc.) Maxim. var. Aichiwasebuki/Asteraceae



                	Rhizome



                	[247]

              




              

                	Furanojaponin



                	
Petasites japonicus (Siebold & Zucc.) Maxim. var. Aichiwasebuki/ Asteraceae



                	Rhizome



                	[247]

              




              

                	Furanoligularenone



                	
Ligularia fischeri Ledeb. Turcz., Ligularia sibirica L. Cass., Ligularia pleurocaulis Franchet/Asteraceae



                	Root



                	[260]

              




              

                	
Senecio nemorensis L. var. Bulgaricus/Asteraceae



                	Rhizome



                	[261]

              




              

                	Furanopetasin



                	
Petasites hybridus (L.) G. Gaertn., B. Mey & Scherb/Asteraceae.



                	Rhizome



                	[246]

              




              

                	Isoadenostylone



                	
Adenostyles alliariae (Gouan) A.Kern./Asteraceae



                	Rhizome



                	[256]

              




              

                	Ligularone



                	
Petasites japonicus (Siebold & Zucc.) Maxim./Asteraceae Aichiwasebuki/Asteraceae



                	Rhizome



                	[247]

              




              

                	



                	
Ligularia fischeri Ledeb. Turcz./Asteraceae



                	Roots



                	[262]

              




              

                	Nemosenin-A, -B, -C, -D



                	
Senecio nemorensis L. var. fuchsii/Asteraceae



                	Rhizome



                	[261]

              




              

                	Petasalbin



                	
Petasites albus L. Gaertn./Asteraceae



                	Rhizome



                	[246]

              




              

                	
Ligularia virgaurea (Maxim.) Mattf./Asteraceae



                	Roots



                	[263]

              




              

                	Senemorin



                	
Senecio nemorensis L. var. fuchsii/Asteraceae



                	Rhizome



                	[261]

              




              

                	Warbugin



                	
Warburgia ugandensis Sprague/Canellaceae



                	Heartwood



                	[251]

              




              

                	Tricyclic 7-epi-Eremophilanes

              




              

                	α-Ferulene



                	
Ferula communis L./Aspiaceae



                	Latex



                	[264]

              




              

                	Aristolone



                	
Aristolochia ringen Vahl./Ristolochiaceae



                	Roots



                	[265]

              




              

                	Calarene



                	
Acorus calamus L./Acoraceae



                	Rhizome



                	[266]

              




              

                	
Dipterocarpus dyeri Pierre/Dipterocarpaceae



                	Resin



                	[267]

              




              

                	
Nardostachys jatamans (D. Don) DC./Valerianaceae



                	Roots



                	[268]

              




              

                	
Valeriana jatamansi Jones/Valerianaceae



                	Roots and rhizome



                	[269]

              




              

                	Calarenol



                	
Nardostachys jatamans (D. Don) DC./Valerianaceae



                	Roots



                	[268]

              




              

                	Debilone



                	
Aristolochia debilis Siebold. & Zucc./Aristochilaceae



                	Roots



                	[270]

              




              

                	Ishwaranes

              




              

                	3-Ishwarone



                	
Peperomia scandens Ruiz & Pavon/Piperaceae



                	Aerial parts



                	[271]

              




              

                	Ishwarane



                	
Aristolochia indica L./Aristochilaceae



                	Roots



                	[270]

              




              

                	
Corallocarpus epigaeus Benth. ex Hook.F./Cucurbitaceae



                	Roots



                	[272]

              




              

                	Ishwarol



                	
Aristolochia indica L./Aristochilaceae



                	Roots



                	[270]

              




              

                	Ishwarone



                	
Aristolochia indica L./Aristochilaceae



                	Roots



                	[270]

              




              

                	
Corallocarpus epigaeus Benth. ex Hook.F./Cucurbitaceae



                	Roots



                	[272]

              




              

                	Noreremophilanes

              




              

                	Bakkenolide A, B, C, D, E



                	
Petasites japonicus (Siebold & Zucc.) Maxim. var. Aichiwasebuki/Asteraceae



                	Leaves



                	[273]

              




              

                	
Senecio aegyptius L./Asteraceae



                	Flowering plant



                	[255]

              




              

                	Nootkatanes

              




              

                	Aristolochene



                	
Aristolochia indica L./Aristochilaceae



                	Roots



                	[270]

              




              

                	Bicyclovetivenol



                	
Chrysopogon zizanioides L. Roberty/Poaceae



                	Roots



                	[274]

              




              

                	Nootkatene and Nookatone



                	
Chamaecyparis nootkatensis (D. Don) Spach/Lauraceae



                	Heartwood



                	[275]

              




              

                	
Chrysopogon zizanioides L. Roberty/Poaceae



                	Roots



                	[274]

              




              

                	Valencene



                	
Chamaecyparis nootkatensis (D. Don) Spach/Lauraceae



                	Heartwood



                	[275]

              




              

                	
Chrysopogon zizanioides L. Roberty/Poaceae



                	Roots



                	[274]

              




              

                	α-Vetivone


                β-Vetivenene


                γ-Vetivenene



                	
Chrysopogon zizanioides L. Roberty/Poaceae



                	Roots



                	[274]

              




              

                	4-epi-Eremophilanes

              




              

                	Capsidiol



                	
Capsicum annuum L./Solanaceae



                	Fruits



                	[276]

              




              

                	
Nicotiana tabacum L./Solanaceae



                	Leaves



                	[277]
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