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    Frontiers in Natural Product Chemistry presents recent advances in the chemistry and biochemistry of naturally occurring compounds. The book is a valuable resource for pharmaceutical scientists and postgraduate students seeking updated and critically important information on bioactive natural products. The chapters in this volume are written by eminent authorities in the field.




    In Chapter 1, Abrahamse et al present the progress made in the field of plant-derived anticancer agents in the treatment of cancer, as well as their mechanism of action and the limitations associated with current therapeutic options. Ernesto et al., in the second chapter of the book, have reviewed benanomicin-pradimicin antibiotics (BPAs) with respect to structural, functional, mechanistic and synthetic aspects. Chapter 3 by Pérez-Gutiérrez et al provides interesting information regarding the numerous pharmacological activities of the different parts and extracts of Bixa Orellana.




    Chapter 4 of the book by Sharma et al focuses on the distribution, cultivation, traditional uses, phytochemistry, pharmacological potential and future prospective of Nilakanthi (Ajuga bracteosa Wall. ex Benth.). Buarque et al., in chapter 5, discuss the synthesis of benzocarbazoles, mostly benzo[a]carbazoles (including the dihydro and tetrahydro derivatives), with interesting properties. Chapter 6 of the book by Aksoz deals with the anti-inflammatory, anti-diabetic, and anti-depressant activities of chalcones. In the last chapter by Ajduković, an overview of the new steroid compounds isolated from marine sponges, macroalgae and cucumbers, is presented.




    I hope that the readers will find these reviews valuable and thought-provoking so that they may trigger further research in the quest for new and novel natural therapies against various diseases. I am grateful for the timely efforts made by the editorial personnel, especially Mr. Mahmood Alam (Director Publications), and Miss Asma Ahmed (Senior Manager Publications) at Bentham Science Publishers in bringing this volume to fruition.
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      Abstract




      Cancer is a serious public health problem that affects both men and women. Globally cancer is one of the leading causes of death. The risk factors associated with cancer development are categorized into intrinsic and extrinsic. The treatment modalities used in the treatment of cancer, such as chemotherapy, radiotherapy, surgery, and targeted therapies have adverse effects either during or after therapy. Currently, plant-derived anticancer compounds are being used in the treatment of various cancers. The variation of these compounds is according to their origin, general classification, and mechanism of action. Various studies have shown that anticancer agents of natural origin have fewer side effects when compared to traditional therapies. Anticancer agents of natural origins are a revolution in the field of cancer research and treatment as they are easy to isolate, cost-effective, and reliable to use. The advantage of anticancer agents of natural origin over synthetic ones and conventional therapeutic options is that their functions are selective and specific to a tumor undergoing treatment. This article is aimed at covering the success of plant-derived anticancer agents in the treatment of cancer, as well as their mechanism of action and the limitations associated with current therapeutic options.
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      INTRODUCTION




      Globally, cancer is a very serious health problem. In the United States, it has been identified as the second leading cause of death [1]. Through its metastatic abilities, cancer can spread to other parts of the body, and its incidence rate differs across geographical locations and gender [2]. In 2018, the GLOBOCAN report showed an estimated number of new cancer cases to be 18.1 million and 9.6 million cancer-related deaths [3]. In Sub-Saharan Africa (SSA), the number of




      cancer cases is expected to double in the next 20 years [4]. Out of all cancers, lung cancer has been identified as the leading cause of death among men. This is because of the arising transformational changes of normal cells into cancerous cells. The transformation of these cells is due to the interaction between genetic materials with three different categories of carcinogenic agents such as chemical, biological and physical carcinogens. These carcinogens are well known to induce mutation through activation and inactivation of various signaling pathways [5]. Breast cancer has been identified as the most frequently diagnosed type of cancer among women [2].




      Various factors contribute to the development of cancer. These factors may further be divided into intrinsic and extrinsic. Intrinsic risk factors are any mutations that arise randomly. They could be inherited or be caused by random errors during replication. These types of risk factors cannot be controlled. Extrinsic risk factors are carcinogens from the environment that can cause DNA damage, leading to mutations. These risk factors are further divided into two categories; endogenous or exogenous risk factors. Extrinsic endogenous risk factors are genetic factors that are related to an individual’s characteristics. These include biological aging, diet, hormones, DNA repair mechanisms, inflammation, genetic susceptibility, while extrinsic exogenous risk factors include radiation, chemicals, viruses, and smoking. Several biological and epidemiological studies have pointed out some of the exogenous risk factors such as tobacco smoking to be associated with lung cancer, ultraviolet radiation (UV) with skin cancer, and viral infections to be associated with the development of both liver and cervical cancer [6, 7]. In the following paragraphs, this review is aimed at highlighting the significance of some plant-derived anticancer compounds used in the treatment of cancer, their origin and history, mechanisms of action, current cancer treatment options, and their limitation as well as their potential application in drug development.




      

        Current Cancer Treatment Options and Their Limitations




        There are various traditional modalities used in the treatment of cancer. Therapeutic options used are dependent on the type of tumor and the stage of cancer [8]. Traditional therapeutic modalities used in the treatment of cancer are divided into two classes localized and systemic therapies. Localized treatment options include; radiation therapy and surgery, while systemic options include chemotherapy, immunotherapy, gene therapy, and other targeted therapies such as clustered regularly interspaced short palindromic repeats (CRISPER) [9]. Radiotherapy (RT) is a non-invasive medical technique used in the treatment of cancer. Unlike other cancer therapies, radiotherapy uses ionizing radiation to kill tumor cells. The adverse effects associated with RT include genetic mutations, infertility, hair loss, and the development of secondary malignancies [10]. Surgery is an invasive procedure that is used in the diagnosis and treatment of various cancers, such as breast cancer. It is often combined with other therapies such as RT and chemotherapy. The side effects experienced during or after this type of treatment include pain, bleeding, infections, and loss of organ function [11].




        Chemotherapy is a type of cancer therapy that one or more anticancer drugs that target fast-growing tumor cells. It was believed that chemotherapeutic drugs were specific to targeting only cancer cells, but it is now reviewed that it can also damage normal cells leading to dose-dependent adverse effects such as hair loss, nausea, fatigue, and vomiting [12]. On the other hand, other systemic treatment approaches such as immunotherapy are the type of cancer treatment that uses components of the immune system to suppress tumor cells. There are different types of immunotherapy, among them are vaccines and monoclonal antibodies such as rituximab, trastuzumab, cetuximab, and bevacizumab [9]. Side effects related to immunotherapy do not occur immediately but are mostly observed after a few weeks of treatment, and these include fever, chills, fatigue, diarrhea, and dermatitis [13].




        Gene therapy and other targeted therapies such as CRISPER involve the modification of genes to treat or prevent the spread of disease. In 1990, the first gene therapy for a patient with combined immunodeficiency disorders was approved by the Food and Drug Administration (FDA). Ever since, several clinical trials involving different approaches in gene therapy have been conducted with successful outcomes in cancers such as leukemia, lymphocytic leukemia, and brain cancers [14]. Some of the common side effects of gene therapy include inflammation and less genotoxicity which could be due to self-inactivating vectors [15]. Apart from these traditional modalities, there are novel promising therapies with good specificities, such as photodynamic therapy (PDT) [16].


      




      

        Origin/History of Plant-derived Agents in Cancer Therapies




        For many years, medicinal plants have been used in the treatment of many diseases. African and Asian populations have consumed several plant derivatives for medicinal purposes [17]. Over 5000 years, plants have been utilized for various medicinal purposes, foods, and spices. During these olden times, medicinal plants were administered without knowing the active biochemical constituents contained within the plant and their mechanisms of action. Not only in the 18th century when Anton Von Störck conducted research that focussed on the investigation of poisons contained in some herbs. The research laid a principal baseline for clinical investigations [18, 19]. Two ancient cultures have provided current medicinal plant-related knowledge, Traditional Chinese medicine (TCM) and Traditional Indian Medicine (TIM). In these two traditions, herbs were prepared and administered as powders, poultices, tea, and tinctures [19]. According to recent reports from the World Health Organization (WHO), only 5–15% of traditional herbs have been investigated for their anticancer agents. During this century, many researchers have found herbal-based medicine to be a preferred modality for the treatment and prevention of various types of cancers. This is due to the diversification of bioactive compounds within these herbs and their therapeutic healing effects in both human beings and animals. Anticancer bioactive compounds of natural origin interfere with various pathways of cancer [19, 20].




        New trends that involve the isolation of phytochemicals of natural origin begun in the early nineteenth century. These trends have led to the discovery of many drugs among them are painkillers (opium isolates morphine and codeine, Erythroxylum coca isolate cocaine). Other plant isolated bioactive compounds were cardiac glycosides such as digitoxin from Digitalis, which is not only used to treat cardiovascular conditions but also used as an effective anticancer drug. Bioactive compounds of natural origin exhibit antipyretic, analgesic, anticancer, antimalarial, antibacterial, antifungal, and anti-inflammatory properties. As of today, it has been noted that 25-28% of modern drugs used in the treatment of various diseases are obtained directly or indirectly from medicinal plants that exhibit diverse medicinal properties [19]. These compounds of natural origin are mostly classified based on chemical composition and belong to different categories, such as diterpenes, alkaloids, peptides, sesquiterpenes, etc., [21].




        Today, solid tumors are removed surgically. After surgical treatment, the patients are given either chemotherapy or radiotherapy [22]. These therapeutic options cause severe adverse side effects [23]. Over the last five decades, natural products have proved to be more significant in the development of anticancer chemotherapeutic drugs, particularly those obtained from plants and microbes [24]. Recent epidemiological studies have demonstrated fascinating patterns that suggest that the use of herbal medicine may refine tumor prognosis in cancers such as colon cancer when administered as an adjuvant [25].


      




      

        Ayurvedic System of Medicine in Cancer Therapies




        Ayurvedic medicine is a traditional system of medicine that has played an important role in disease control and prevention. It is an ancient tradition of medicine that is highly practiced in India. The name of this system comes from the word Ayurveda that is derived from two words, ayus, meaning ‘life’ and Veda which means ‘knowledge’. This branch of traditional medicine has been practiced since 5000 BC. Its application in cancer treatment dates back to the 7th century BC, of which two medicinal herbs; Atreya and Dhanwanthari, were used to treat cancer in its early stage of development [26]. In most cases, Ayurveda is given to cancer patients as a complementary treatment to reduce side effects elicited by conventional treatments such as radio- and chemotherapy [27].




        There are many medicinal plants used in the Ayurvedic system of medicine. Herbs such as Annona atemoya, Annona muricate, Andrographis paniculata, Phyllanthus niruri, Phyllanthus amarus, podophyllum hexandrum linn, and Piper longum are scientifically proven to possess anticancer properties [26]. Since the evolution of plant-derived therapies, there are more than 25,000 plant-derived formulations that are used in TIM. There are more than 75 formulations that contain plant-derived bioactive compounds on the Indian market [28]. A wide range of Ayurvedic plants used in the treatment of different types of cancer are well known to possess cytotoxic, immunomodulatory, chemo-sensitizing, and radio-sensitizing effects in various tumors [26]. Some of the Ayurvedic plants exhibiting these anticancer activities are shown in Table 1.




        

          Table 1 Medicinal plants used to treat cancer in the Ayurvedic system of medicine.




          

            

              

                	Ayurveda

              


            



            

              

                	Cytotoxic



                	Immunomodulators



                	Radio/Chemo-sensitizers

              




              

                	▪ Allium sativum


                ▪ Annona muricate


                ▪ Bolbostemma paniculatum


                ▪ Cannabis sativa


                ▪ Centaurea ainetensis


                ▪ Camellia sinensis


                ▪ Curcuma longa


                ▪ Daphne mezereum


                ▪ Gossypium hirsutum


                ▪ Hydrocotyle asiatica


                ▪ Hypericum perforatum


                ▪ Nervilia fordii


                ▪ Oroxylum indicum


                ▪ Picrorrhiza kurroa


                ▪ Rubia cordifolia


                ▪ Salvia miltiorrhiza


                ▪ Smilax china


                ▪ Strychnos nuxvomica


                ▪ Taraxacum officinale


                ▪ Zingiber officinale


                ▪ various Scutellaria species


                ▪ Silybum marianum


                ▪ Withania somnifera


                ▪ Achyranthes aspera




                	▪ Andrographis paniculata


                ▪ Apis mellifera


                ▪ Bidens pilosa


                ▪ Mangifera indica


                ▪ Tinosporia cordifolia




                	▪ Amoora rohituka


                ▪ Astonia scholaris


                ▪ Curcuma longa


                ▪ Stephenia tetrandra


                ▪ Tinospora cordifolia


                ▪ Withania somnifera


              


            

          




        




        To integrate Ayurvedic plants into clinical practices, evidence-based medicine (EBM) must be employed as it has become the treatment of choice in clinical and research practices [29]. Many theories are surrounding Ayurvedic traditional medicine. These traditional theories and reasoning can only be demonstrated by research [30]. Sridharan and Sivaramakrishman conducted a study entitled “clinical trials in Ayurveda: Analysis of clinical trial registry of India”, in which it was observed that only a few clinical trials are being carried out in Ayurvedic medicine of India [29]. Only plant-derived compounds that demonstrate selectiveness in research, toxic to cancer cell lines, and non-toxic to non-cancerous cells can be used for clinical trials [11].


      




      

        Plant Derived Anticancer Compounds and their Clinical Uses




        Plants play an important role in cancer treatment as they are natural reservoirs of many anticancer bioactive compounds, as shown in Table 2. Since ancient times, more anticancer compounds have been discovered and their role in cancer treatment is to halt its progression and development. These anticancer compounds are derived from different parts of medicinal plants such as the flowers, fruit, roots, leaves, seeds, stems, sprouts, bark, and pericarps [31].




        

          Table 2 Medicinal plants and phytochemicals used in various types of cancer treatments.




          

            

              

                	
Plant Name


                (Common Name)




                	Part (s) Used



                	Phytochemicals



                	Chemical Structure



                	Cancer Treated



                	References

              


            



            

              

                	
Peganum harmala


                (Syrian Rue)



                	Roots



                	Harmine



                	[image: ]



                	Breast, lung, and colon cancer.



                	[32, 33]

              




              

                	
Curcuma longa


                (Turmeric)



                	Rhizomes



                	Curcumin



                	[image: ]



                	Laryngeal cancer.



                	[19, 34, 35]

              




              

                	
Cimicifuga foetida


                (Cimicifuga racemosa)




                	Rhizomes



                	Actein



                	[image: ]



                	Breast cancer.



                	[36, 37]

              




              

                	
Cimicifuga racemosa


                (black cohosh)



                	Rhizomes and roots



                	Actein



                	[image: ]



                	Breast and prostate cancer.



                	[36, 38]

              




              

                	Cimicifuga yunnanensis



                	Rhizomes and roots



                	Actein



                	[image: ]



                	Breast cancer.



                	[36]

              




              

                	
Grifola frondosa


                (Maitake)



                	Whole plant



                	Cisplatin



                	[image: ]



                	Human gastric carcinoma.



                	[39, 40]

              




              

                	
Lentinula edodes


                (Shiitake)



                	Whole plant



                	Lentinan



                	[image: ]



                	Leukemia.



                	[39, 41, 42]

              




              

                	
Catharanthus roseus


                (Vinca rosea)



                	Leaves



                	Vindesine



                	[image: ]



                	Hodgkin's lymphoma, leukemia, renal, oesophageal, breast, and colorectal cancers.



                	[43, 44]

              




              

                	
Zingiber officinale (Ginger)



                	Ginger



                	6-Shogaol



                	[image: ]



                	Ovarian cancer.



                	[31, 45]

              




              

                	
Zingiber officinale


                (Ginger)



                	Roots



                	Gingerol



                	[image: ]



                	Breast and colon cancer.



                	[31, 45]

              




              

                	
Aloe vera


                (True Aloe)



                	Leaves



                	Aloesin



                	[image: ]



                	Leukemia and colon cancer.



                	[46, 47]

              




              

                	
Azadirachta indica


                (Neem)



                	Leaves



                	Nimbolide



                	[image: ]



                	Colon cancer, prostate cancer, and leukemia.



                	[48-50]

              




              

                	
Withania Somnifera (Ashwagandha)



                	Roots



                	Withaferin A



                	[image: ]



                	Breast, brain, colon, lung, ovarian, and ovarian cancer.



                	[31, 51, 52]

              




              

                	
Nigella sativa


                (Black seed)



                	Seeds



                	Thymoquinone



                	[image: ]



                	Breast cancer.



                	[53, 54]

              




              

                	
Trigonella foenum-graecum


                (fenugreek)



                	Seeds



                	Diosgenin



                	[image: ]



                	Breast, colorectal, hepatocellular, leukemia, and osteosarcoma.



                	[55, 56]

              




              

                	
Emblica officinalis


                (Indian gooseberry)



                	Seeds



                	Pyrogallol



                	[image: ]



                	Breast and colon cancers.



                	[57, 58]

              




              

                	
Chromolaena odorata


                (Siam weed)



                	Leaves



                	Pectolinarigenin



                	[image: ]



                	Lung, and colorectal cancers.



                	[59-61]

              




              

                	
Plumbago


                Zeylanica


                (Doctorbush)



                	Roots



                	Plumbagin



                	[image: ]



                	MCF-7 Breast cancer cells.



                	[62, 63]

              




              

                	
Allium sativum


                (Garlic)



                	Leaves



                	
S-Allylmercaptocysteine



                	[image: ]



                	Colon cancer.



                	[48, 64, 65]

              




              

                	
Panax ginseng


                (Korean ginseng)



                	Roots



                	Panaxadiol



                	[image: ]



                	Breast, lung, colon, prostate, and renal cell cancers.



                	[48, 66, 67]

              




              

                	
Aegle marmelos


                (Bael)



                	Leaves and roots



                	Lupeol



                	[image: ]



                	Breast cancer, melanoma, leukemia, and lymphoma.



                	[48, 68]

              


            

          




        


      




      

        The General Classification of Major Plant-derived Anticancer Compounds




        Most of the medicinal plants have undergone phytochemical investigations to identify and classify several classes of their metabolites [69]. These anticancer compounds of natural origin are thought to have cytotoxic properties on a range of cancer cells and most of them are used to induce cellular apoptosis in cancer cells. Based on their chemical content, plant-derived anticancer compounds are classified as alkaloids, flavonoids, brassinosteroids, and terpenoids [17, 69].




        

          



          Alkaloids




          Alkaloids are one of the major classes of naturally occurring organic compounds. These compounds are vital in living organisms because of their diverse biological effects. Alkaloids are made up of nitrogen atoms which are believed to cause alkalinity and are arranged in a ring form known as cyclic. The alkaloids are further divided into different classes based on their structure; chemical structures of common alkaloids are shown in Fig. (1). These classes include; quinolines, indoles, pyridines, isoquinolines, pyridines, terpenoids, tropanes, and steroids [70]. Alkaloids have shown anticancer activities in many cancers such as breast, lung, leukemia, and lymphomas [71].


        




        

          



          Flavonoids




          Flavonoids are plant-derived secondary metabolites. These compounds are responsible for the aromatic smell of flowers as well as the color exhibited by many flowers. Flavonoids possess several medicinal properties such as antibacter-ial, antioxidant, antiviral, anti-inflammatory, anti-allergic, and anticancer. Due to their diverse medicinal properties, flavonoids are used to treat various medical conditions including cancer. There are four major subclasses of flavonoids such as isoflavonoids, flavones, flavonols, and anthocyanidins as shown in Fig. (2). In cancer therapy, flavonoids are known to interfere with various signaling pathways which will lead to decreased proliferation activities and increased apoptotic activities [72, 73].
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Fig. (1))


          Chemical structures of important plant-derived alkaloids.



          Isoflavonoids are a subclass of flavonoids that are widely isolated from a variety of plants including legumes. Genistein is one important class of naturally occurring compounds that belong to the subclass of isoflavonoids. The anticancer activities of genistein include the initiation of apoptotic pathways, alteration of cell proliferation cycle, and inhibition of DNA topoisomerase I and II [74]. Besides genistein, soy isoflavonoids such as daidzein and glycitein have shown anti-cancer properties. At a high concentration, daidzein induces antiproliferative effects through the generation of ROS which will eventually lead to mitochondrial outer membrane permeabilization (MOMP). It is also involved in the downregulation of DNA checkpoint proteins [75]. Just like genistein, glycitein induces tumor apoptosis through ROS generation. It also inhibits tumor cell proliferation by cell cycle arrest in the G0 or G1 phase [76].




          Flavones are a subclass of flavonoids with a double bond between the second carbon (C2) and third carbon (C3) [77]. They are present in various fruits and vegetables. These polyphenolic compounds are well known to exhibit anticancer properties. Other than an exhibition of anticancer properties, flavones exhibit chemotherapeutic effects such as antiviral and antioxidant activities. The common types of flavones include apigenin, chrysin, and luteolin. There are various mechanisms through which these compounds induce their anticancer activities; these include initiation of apoptotic activities, cell cycle arrests at different phases (G1, G2, or M-phase), and enzyme inhibition [78].
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Fig. (2))


          Major classes of flavonoids and their anticancer compounds.



          Flavonols are a subclass of flavonoids and are reported to be more abundant in fruits and vegetables. The major sources of flavonols include apples, berries, onions, lettuce, and tomatoes. Dietary intake of flavonols is found to play a significant role in cancer prevention [79]. The most common type of flavonols includes catechin, catechin-3-gallate, gallocatechin, epicatechin, and epigallocatechin. These compounds prevent the development of cancer through various mechanisms such as the downregulation of mutant p53 protein, inhibition of the enzyme tyrosine kinase and heat shock proteins as well as inhibition of Ras protein expression [80].




          Anthocyanins are a subclass of water-soluble flavonoids. They are responsible for giving color to a variety of fruits such as apples, corn, grapes, and strawberries [81]. Anthocyanins (Fig. 2) have been demonstrated to exhibit pharmacological effects such as anticancer and antioxidant activities in vitro and in vivo in breast, colon, ovarian, and leukemic cell lines [82]. There are various mechanisms through which anthocyanins prevent the development of cancer. These include targeting the mitogen-activated protein kinase (MAPK) and the receptor tyrosine kinase (RTK) pathways. Interference with these pathways leads to cell cycle arrest at different phases of the cell cycle [81]. Additionally, anthocyanins induce tumor apoptosis through ROS generation [83].


        




        

          



          Brassinosteroids




          Brassinosteroids are plant-derived polyhydroxylated steroids that play a significant role in plant development. These plant polyhydroxylated steroids are responsible for cell division and elongation. They are also involved in the water and temperature balance of a plant [84, 85]. Brassinosteroids activate the innate potential of plants against stress which in most cases is caused by bacteria, parasites, fungi, and viruses [86]. In a biomedical and clinical setup, brassinosteroids application has given a positive response in terms of cell proliferation control and induction of cell death in various cancers [87]. Apart from having anticancer properties, brassinosteroids possess other medical properties such as antibacterial, antiviral, anti-inflammatory, and antifungal effects [88]. As depicted in Fig. (3), brassinolide and typhasterol are important plant polyhydroxylated steroids.
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Fig. (3))


          Chemical structures of basic brassinosteroids.

        




        

          



          Terpenoids




          Terpenoids constitute a group of naturally occurring organic compounds that are present and essential in both plants and animals. Plants are well known for producing high numbers of these hydrocarbons. Currently, there are more than 55 000 hydrocarbons have been discovered [89, 90]. Their classification is mainly based on a five-carbon unit as shown in Table 3 and Fig. (4) [91]. Terpenoids possess anticancer, antibacterial, antiviral, anti-inflammatory, and antimalarial properties. Due to their anticancer properties, terpenoids are used in the treatment of breast, colon, lung, liver, ovarian, leukemia, pancreatic, and prostate cancers [92].




          

            Table 3 General classification of terpenoids.




            

              

                

                  	Terpenoid Name



                  	Number of Carbons



                  	General Formula



                  	Active Compound

                


              



              

                

                  	Hemiterpenes



                  	C5




                  	C5H8




                  	Tiglic acid

                




                

                  	Monoterpenes



                  	C10




                  	C10H16




                  	Myrcene

                




                

                  	Sesquiterpenes



                  	C15




                  	C15H24




                  	Farnesol

                




                

                  	Diterpenes



                  	C20




                  	C20H32




                  	Phytol

                




                

                  	Sesterterpenes



                  	C25




                  	C25H40




                  	Scalaranes

                




                

                  	Triterpenes



                  	C30




                  	C30H48




                  	Sitosterol

                




                

                  	Tetraterpenes



                  	C40




                  	C40H64




                  	Lycopene

                




                

                  	Polyterpenes



                  	C>40




                  	(C5H8) n (>40)




                  	Rubber
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Fig. (4))


          Classification and structure of major terpenoids.

        


      




      

        Structures of Major Anticancer Compounds of Plant Origin




        Plants with medicinal properties are known to be the reservoir of various phytochemicals. These phytochemicals of natural origin have complex chemical structures giving rise to a broad spectrum in terms of medicinal properties including the anticancer effects [93]. Many anticancer compounds of natural origin have completed clinical trials on their safety and efficacies [94]. Ongoing clinical trials are focusing on evaluating the safety and efficacy of anticancer compounds of natural origin in combination therapy, which is a promising approach in cancer treatments [73]. On an estimate, the plant kingdom is comprised of more than 250, 000 species of which only 10% have been evaluated for medicinal properties [48]. Examples and structures of major anticancer compounds of plant origin are shown in Fig. (5).




        
[image: ][image: ][image: ][image: ]


Fig. (5))


        Major plant-derived anticancer compounds and their chemical structures.

      




      

        Common Anticancer Drugs of Plant Origin in Clinical Practice




        Plant-derived anticancer drugs are a preferred choice of treatment because of their dynamic diversification of organic compounds with cytotoxic effects. They are derivatives of various plant parts such as the flowers, stem, roots, and leaves. The virtue of them being organic compounds of natural origin, some of these anticancer drugs of natural origin are non-toxic to non-cancerous or healthy cells. Generally, these anticancer compounds are more tolerated by non-cancerous cells. However, some plant-derived compounds exhibit toxicity to normal cells, these include lectins, saponins, and cyanogenic glycosides [11]. To prevent the toxicity exhibited by phytocompounds onto normal cells, these compounds must be subjected for evaluation using different in vitro and in vivo models. Clinical trials help in determining the safety and exact clinical dosage and use of these compounds [95]. Chemotherapeutic drugs of plant origin are well-known to elicit few side effects when compared to other therapies. Nevertheless, researchers continue being devoted to developing analogs and proactive drugs that will diminish the considered side effects [96]. Common effective drugs of plant origin used in the cancer treatments are shown in Table 4.




        

          Table 4 Common anticancer drugs of plant origin in clinical practice.




          

            

              

                	Anticancer Drug



                	
Origin


                (common name)




                	Clinical Practice



                	Reference

              


            



            

              

                	Colchicine



                	
Colchicum autumnale


                (Autumn crocus)



                	Human gastric cancer



                	[97, 98]

              




              

                	Podophyllotoxin



                	
Podophyllum peltatum


                (Mayapple)



                	Breast cancer and skin cancer



                	[99-101]

              




              

                	Taxol



                	
Taxus brevifolia


                (Pacific Yew)



                	Breast, ovarian, and lung cancer



                	[17, 102, 103]

              




              

                	Vincristine



                	
Catharanthus rosea


                (Vinca Rosea)



                	Multiple myeloma, breast cancer, ovarian cancer, and non-Hodgkin lymphoma



                	[17, 104, 105]

              




              

                	Vinblastine



                	
Catharanthus rosea


                (Vinca Rosea)



                	Breast cancer, testicular cancer, and non-Hodgkin lymphoma



                	[17, 105]

              




              

                	Vinorelbine



                	
Catharanthus rosea


                (Vinca Rosea)



                	Non-small cell lung cancer



                	[17, 105, 106]

              




              

                	Vinflunine



                	
Catharanthus rosea


                (Vinca Rosea)



                	Urothelial cancer



                	[105, 107]

              




              

                	Etoposide



                	
Podophyllum peltatum


                (Mayapple)



                	Lung cancer



                	[101, 108]

              




              

                	Acetogenin



                	
Annona muricata


                (Graviola)



                	Lung, prostate, breast, colon, kidney, and liver cancer.



                	[109, 110]

              




              

                	Vicenin-2



                	
Camptotheca acuminata


                (Xi Shu)



                	Prostate cancer



                	[111, 112]

              




              

                	Flavopiridol



                	
Dysoxylum binectariferum


                (Achalkaat)



                	Leukemia, lymphomas, and solid tumors



                	[17, 113, 114]

              




              

                	Noscapine



                	
Papaver somniferum


                (Opium poppy)



                	Breast, lung, and ovarian cancer



                	[115, 116]

              




              

                	Sulforaphane



                	Cruciferous vegetable



                	Breast ductal carcinoma, prostate cancer, and lung cancer



                	[17, 117]

              




              

                	Pomiferin



                	
Maclura pomifera


                (Osage Orange)



                	Breast, prostate, melanoma, and colon cancers



                	[17, 118]

              


            

          




        


      




      

        General Mechanism of Action of Plant-derived Anticancer Compounds




        There are various mechanisms through which plant-derived anticancer compounds induce tumor cell death. These mechanisms of action involve the interaction of plant-derived anticancer compounds with different cellular organelles and pathways to induce apoptosis [119]. Compounds such as alpha-linolenic acid (ALA) are reported to stabilize hypoxia-inducible factor-1 alpha (HIF-1 α) and downregulate fatty acid synthesis (FASN) which leads to the promotion of mitochondrial apoptosis in mammary glands [120]. ALA is also known to induce mitochondrial stress and activates the downstream cholinergic anti-inflammatory markers [121]. A study conducted by Roy et al. [122] demonstrated the anticancer potential of gamma-linolenic acid (GLA) and its effects on mitochondria as well as HIF-1 α in mammary gland cancers. Another study conducted by Dey et al. [123] evaluated the anticancer activities of Rubella tuberosa L. extract on hepatoma cell lines and its increase of superoxide dismutase activities. The methanolic (MERTL) extract of Rubella tuberosa L. demonstrated antiproliferative activities on the HepG2 cell line by arresting cells in the G0/G1 and G2/M phase of the cell cycle. Other compounds such as β-sitosterol have also been evaluated for potential anticancer activities against various cancers such as breast, colon, leukemia, and prostate. Preliminary studies of β-sitosterol in MCF-7 cells reviewed that it induces apoptosis through the activation of fatty acid synthase signaling [124]. A schematic model of the interaction between plant-derived anticancer compounds with cellular organelles such as the endoplasmic reticulum and the mitochondria as well as cellular contents such as DNA in the context of apoptosis is shown in Fig. (6).
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Fig. (6))


        An overview of the general mechanism of plant-derived anticancer compounds.

      




      

        Importance and Advantages of Anticancer Compounds of Plant Origin




        For over many years, plants have played a vital role in the treatment and prevention of various diseases. Epidemiological studies showed that cancer incidences in a population that consume a vegetable-rich diet are lower when compared to that of a poor vegetable diet [96]. However, certain bioactive compounds of plant origin have various medicinal properties that are used in the treatment of different types of cancer and other medical conditions that may be caused by different microorganisms such as bacteria, protozoa, and fungi [125].




        Traditional systems of medicine have led to the discovery of many drugs of natural origin [26]. Plant-derived anticancer agents have various advantages over synthetic ones, because anticancer drugs of natural origin are non-toxic to non-cancerous cells when compared to other therapies such as chemotherapy which leads to the development of adverse side effects [126]. Other advantages of plant-derived anticancer agents over synthetic ones is that they are easy to isolate, cost-effective, specific, and readily available [26]. Anticancer agents of natural origin have unique and complex chemical structures compared to synthetic ones that impart their medicinal properties [127].


      


    




    

      CONCLUSION AND FUTURE PERSPECTIVES




      The ancient traditional system of medicine has played a significant role in the discovery of anticancer agents that are used in the treatment of various cancers. The main role of plant-derived anticancer compounds is that it can be used to treat and prevent the spread of cancer to other parts of the body. Ayurvedic system of medicine is an ancient medical practice highly used in India and China. Since cancer remains the leading cause of mortality in developed and developing countries, more researchers are diverting their focus to develop potent anticancer bioactive compounds from medicinal plants. These anticancer compounds isolated from medicinal plants have made a tremendous contribution to the development of drugs with better efficacy with fewer side effects. Phytochemicals have more advantages when compared to synthetic ones due to the cost-effectiveness, diverse medicinal properties, easy isolation, readily available, selectivity, and better efficacies. Plant-derived anticancer compounds induce tumor cell death through the regulation and interference of various metabolic pathways involved in carcinogenesis.


    


  




  

    

      ACRONYMS




      

        

          	



          	

        




        

          	ATF 4



          	Activating Transcription Factor 4

        




        

          	ATF 6



          	Activating Transcription factor 6

        




        

          	ASK 1



          	Apoptosis Signal-regulating kinase 1

        




        

          	TRAF 2



          	Tumour Necrosis Factor Receptor–Associated Factor 2

        




        

          	eIF 2 α



          	Eukaryotic Initiation Factor 2 Alpha

        




        

          	PERK



          	Protein Kinase RNA-like Endoplasmic Reticulum Kinase

        




        

          	GLOBOCAN



          	Global Cancer Observatory

        




        

          	SSA



          	Sub-Saharan Africa

        




        

          	DNA



          	Deoxyribonucleic Acid

        




        

          	CRISPER



          	Clustered Regularly Interspaced Short Palindromic Repeats

        




        

          	PDT



          	Photodynamic Therapy

        




        

          	TCM



          	Traditional Chinese medicine

        




        

          	TIM



          	Traditional Indian medicine

        




        

          	WHO



          	World Health Organization

        




        

          	BC



          	Before Christ

        




        

          	ROS



          	Reactive Oxygen Spices

        




        

          	MOMP



          	Mitochondrial Outer Membrane Permeabilization

        




        

          	Apaf 1



          	Apoptotic Protease Activating Factor 1

        




        

          	FDA



          	Food and Drug Administration

        




        

          	RT



          	Radiotherapy
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