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Abstract

Higher plant constituents have afforded clinically available anticancer drugs. These include both 

chemically unmodified small molecules and their synthetic derivatives currently used or those in 

clinical trials as antineoplastic agents, and an updated summary is provided. In addition, botanical 

dietary supplements, exemplified by mangosteen and noni constituents, are also covered as 

potential cancer chemotherapeutic agents. Approaches to metabolite purification, rapid 

dereplication, and biological evaluation including analytical hyphenated techniques, molecular 

networking, and advanced cellular and animal models are discussed. Further, enhanced and 

targeted drug delivery systems for phytochemicals, including micelles, nanoparticles and antibody 

drug conjugates (ADCs) are described herein.
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1. Introduction

Cancer is the second-leading cause of fatalities in the U.S.A. and it is estimated that this 

disease will be responsible for more than 600,000 deaths in 2018 (Siegel et al., 2018). There 

are multiple oncology drugs approved for chemotherapy, although these differ in their 

efficacy as single-agent therapeutics and in their degree of inherent toxicity. Over the past 50 

years, more than 200 new chemical entities (NCEs) have been approved to combat this 

multifaceted disease of which about 50% are either unmodified natural product molecules, 

their semi-synthetic derivatives, or synthetic biological mimics (Butler et al., 2014; Newman 

and Cragg, 2016). Typically, these compounds have reached the market after the initial 

collection of plants, terrestrial microbes, and marine organisms, followed by laboratory 

screening programs as carried out by the pharmaceutical or biotech industries, as well as in 

academic, government, and private research institute environments. Examples of some 
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anticancer natural products of plant origin include paclitaxel (Taxol®), topotecan 

(Hycamtin®), etoposide phosphate (Etopophos®), and homoharringtonine (Synribo®) 

(Atanasov et al., 2015; Newman and Cragg, 2016). Newer approaches have been used to 

discover potential plant natural product drugs inclusive of anticancer agents, incorporating 

enhanced dereplication methods like molecular networking, hyphenated analytical 

techniques, in addition to the application of better in vitro and in vivo bioassay models, 

which together have enabled more targeted discovery of novel compounds from natural 

sources.

This review article summarizes the small organic molecules obtained from higher plants and 

their derivatives currently on the market and in clinical trials as single chemical entity (SCE) 

anticancer agents. Examples of the constituents of botanical dietary supplements that have 

shown potential anticancer properties, in particular those from noni and mangosteen, are 

given. Also discussed are new approaches to the purification of biologically active plant 

extracts containing thousands of individual compounds and the use of hyphenated analytical 

techniques and molecular networking in rapid dereplication procedures. The application of 

biotechnological strategies, including different formulations, such as micelles, and 

nanoparticles, is covered. Finally, antibody-drug conjugates (ADCs) and their role in 

enhancing targeted drug delivery using natural product-derived molecules are also described.

2. Antitumor compounds from natural sources

2.1. Phytochemicals and their derivatives on the market as approved anticancer agents 
and in clinical trials

There has been extensive work done to discover and develop potent cancer chemotherapeutic 

agents, and a substantial number are now available, but some have shown toxic side effects 

and non-specificity to cancer cells (Khazir et al., 2014; Sporn and Liby, 2005). In a continual 

search for new active anticancer agents, biomedical scientists have explored several avenues, 

inclusive of chemical synthesis, biotechnological tools, immunotherapy, and the systematic 

investigation of organisms (Atanasov et al., 2015). Medicinal plants have played a 

significant role in providing therapeutic agents for different disease states. They have 

afforded several lead compounds, which either have been developed into drugs themselves 

or have served as “pharmacophores” for the chemical synthesis of analogs with better 

physicochemical properties and enhanced potencies (Katz and Baltz, 2016). Several 

anticancer drugs available in the USA that are FDA- approved and others in clinical trials are 

either unmodified natural products, or their semi-synthetic analogs, or biological mimics, as 

summarized in Table 1.

The first class of plant-derived small molecules utilized were the two bisindole alkaloids, 

vincristine (Figure 1, 1) and vinblastine (Figure 1, 2), which were approved by the U.S. FDA 

in the 1960s under the trade names Oncovin® and Velban®, respectively, and used for the 

treatment of various types of solid tumors and lymphomas (Khazir et al., 2014). These 

compounds were both isolated from the Madagascar periwinkle, Catharanthus roseus G. 

Don (Apocynaceae), and demonstrated to work by acting as tubulin polymerization 

inhibitors. Since then, semi-synthetic analogs including vindesine, vinorelbine, and 

vinflunine have been developed and later approved either or both by FDA and the European 
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Medicines Agency (EMA). Vinflunine is one such example that was approved by the EMA 

only in 2009 under the trade name Javlor® for the treatment of metastatic urothelial 

carcinoma (Jordan and Wilson, 2004; Lucas et al., 2010; Ng, 2011). More recently, in 2012, 

a nanoparticle-liposomal injection of vincristine sulfate, Marqibo®, was approved that has 

not only reduced toxicity but also enhanced efficacy, as seen in patients with acute 

lymphoblastic leukemia (Spectrum Pharmaceuticals Inc., 2017). Some other bisindole 

derivatives, such as anhydrovinblastine, vintafolide, vinglycinate, and vintriptol have been 

evaluated in several clinical trials for their efficacy against different cancer types (Khazir et 

al., 2014).

Another important class of plant-derived compounds to have been studied extensively for 

their anticancer activity are derivatives of the plant lignan, podophyllotoxin (Figure 2, 15), 

from Podophyllum peltatum L. (Berberidaceae), with its analogs etoposide (Figure 1, 3), 

approved in 1983 for testicular cancer, and teniposide (Figure 1, 4), approved a decade later. 

These compounds have been subjected to earlier review by our group (Lucas et al., 2010). 

The latter compound is more potent than etoposide, and has shown positive results in 

combinatorial therapeutic approaches against different cancer types (Lee and Xiao, 

2012).These lignans are known to express their antineoplastic effects by acting as inhibitors 

of tubulin polymerization and DNA topoisomerase II, thereby arresting cancer cells in their 

initial cell division phase. Both these small molecules (3 and 4) are undergoing phase II and 

IV combinatorial studies against cancer types including but not limited to CNS lymphoma, 

leukemia, and squamous cell carcinoma (U.S. National Library of Medicine, 2018b).

Seminal work occurred because of the isolation of paclitaxel (Figure 1, 5), a nitrogen-

containing diterpenoid, from Taxus brevifolia Nutt. (Taxaceae). Paclitaxel exerts its 

anticancer properties by inhibiting microtubule polymerization during cell division, and, 

after extensive research demonstrating its effectiveness in cancer patients, it was initially 

approved in 1992 under the trade name Taxol® for ovarian cancer, given as an injection. At 

present, paclitaxel is a first-line treatment offered to patients with breast, ovarian, lung, 

prostate and other solid tumor cancers (Lucas et al., 2010). Despite its potent activity, 

paclitaxel has shown suboptimal drug properties, like low bioavailability and high toxicity, 

leading to the development of two approved semi-synthetic derivatives thus far, namely, 

docetaxel (Figure 1, 6) and cabazitaxel (Figure 1, 7). Several other taxane derivatives 

inclusive of paclitaxel poliglumex (Xyotax™, CT-2103), 7-DHA-taxol (Taxoprexin, Phase II 

and III), larotaxel (XPR9881, Phase I-III), docetaxel nanoparticles (BIND-014, Phase I and 

II),TPI-287 (Phase I and II), and the polymeric micelle of docetaxel nanoparticle (CriPec®, 

Phase I) are at different stages of development in order to potentially overcome the observed 

resistance to the lead compound in cancer types like NSCLC and breast cancer (Butler et al., 

2014; Khazir et al., 2014). Abraxane®, an injectable nanoparticle-albumin (nab-paclitaxel) 

suspension, has been approved with reduced toxicity and increased overall survival rate as 

compared to the parent compound (Khazir et al., 2014).

The same scientific team at Research Triangle Institute in North Carolina, who first obtained 

paclitaxel, also isolated camptothecin (Figure 2, 16), a topoisomerase-I inhibitor, from 

Camptotheca acuminata Decne. (Nyssaceae), which has garnered much interest due to its 

novel structure and activity (Rahier et al., 2012). Despite showing positive activities in vitro 
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and in vivo, camptothecin in the unmodified chemical form did not receive official approval 

due to its low solubility and severe toxicity (Khazir et al., 2014). To explore this compound 

further and overcome its physicochemical limitations, two semi-synthetic derivatives, 

topotecan and irinotecan have been approved for clinical use in the U.S. (Khazir et al., 

2014). Topotecan (Hycamtin®, Figure 1, 8) was the first-in-class topoisomerase I poison 

approved by FDA initially for the treatment of ovarian cancer, then in 2007 for recurrent 

small-cell lung cancer, and in 2011 for cervical cancer in combination with cisplatin (Rahier 

et al., 2012). Another water-soluble derivative, irinotecan (Figure 1, 9, hydrochloride salt), 

was approved in 1996, under the trade name Camptosar®, for colorectal cancer (Rahier et 

al., 2012). After administration, irinotecan acts as a prodrug and gets converted into its 

active metabolite SN-38 (Figure 2, 17) which, in a similar manner to 9, triggers cell death by 

inhibiting topoisomerase-I based DNA replication (Rahier et al., 2012). A liposomal 

injectable formulation of 9, Onivyde® (Ipsen Inc.), was approved in 2015 to be administered 

with flurouracil to treat pancreatic cancer (U.S. Food & Drug Administration, 2015). This 

particular formulation was shown to work better and have fewer side effects compared to the 

parent compound 9. Several other camptothecin derivatives are also undergoing clinical 

development against different cancer types (Khazir et al., 2014). A nanoparticle formulation 

of camptothecin, CRLX-101, in combination with olaparib, is currently being explored in 

Phase I and II studies against different solid tumors and lung cancer (Young et al., 2011). 

Furthermore, 9-aminocamptothecin, along with other derivatives such as karenitecin, 

DRF-1042, exatecan mesylate, rubitecan, have shown promising effects against cancer cell 

types like pancreatic, small-cell lung, and epithelial, ovarian, and fallopian tube cancers, and 

are at different study phases (Khazir et al., 2014; Rahier et al., 2012). Moreover, DS-8201a, 

an antibody-drug conjugate (ADC), is a modified version of the camptothecin derivative, 

exatecan (Figure 2, 18), which targets HER2 expressing cancer cells, has shown better 

results compared to other ADCs like T-DM1, approved for breast cancer, mentioned below 

(Katz and Baltz, 2016; Leal et al., 2014). Several clinical trials (phase I/II) have been 

undertaken evaluating the efficacy of DS-8201a either independently or in combination with 

drugs like gemcitabine (Henkin et al., 2018).

Omacetaxine mepesuccinate (Figure 1, 10, homoharringtonine), discovered from 

Cephalotaxus harringtonii Kitam. (Taxodiaceae) is a protein translation inhibitor and was 

approved in 2012, under the trade name Synribo® for chronic myeloid leukemia (Butler et 

al., 2014; Kinghorn et al., 2016). Several studies have corroborated the ability of 

omacetaxine mepesuccinate to reversibly inhibit protein synthesis and induce cell apoptosis 

(Itokawa et al., 2012). This alkaloidal drug is also currently undergoing several clinical 

studies for different cancer types, such as colorectal carcinoma, acute and chronic myeloid 

leukemia, and other solid tumor (Itokawa et al., 2012; Winer and DeAngelo, 2018).

As mentioned earlier, ado-trastuzumab emtansine (TDM-1, trade name: Kadcyla®), was 

approved by FDA in 2013 against HER2-positive breast cancer, and is derived from the 

potently cytotoxic agent maytansine (Figure 2, 19). Belonging to the family of 

maytansinoids, maytansine was isolated from the Ethiopian shrub Maytenus ovatus Loes. 

(Celastraceae), and acts by inhibiting microtubule assembly, like the taxoids and 

podophyllotoxins (Amiri-Kordestani et al., 2014; Cassady et al., 2004; Katz and Baltz, 2016; 
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Kupchan et al., 1972). There are other ADCs of maytansinoids that are currently undergoing 

phase I/II clinical trials for several types of cancer (Yu et al., 2012). These and other 

examples of ADCs are discussed further in sub-section 4.3.3.

Another interesting compound, found in the sap of Euphorbia peplus L. (Euphorbiaceae), 

ingenol mebutate (Figure 1, 11), was approved as a topical agent for the treatment of actinic 

keratosis as seen in patients with sun-related squamous cell carcinoma (Lebwohl et al., 

2012). Masoprocol (Figure 1, 12), isolated from Larrea tridentata (DC.) Coville 

(Zygophyllaceae) (Luo et al., 1998), is approved under the trade name Actinex® as a topical 

agent also for actinic keratosis and acts as a transcriptional inhibitor. Masoprocol decreases 

tumor cell susceptibility by inhibiting the activation of the insulin-growth factor receptor 

(IGF-1R) and the HER2 receptor, receptors involved in cell proliferation (Lu et al., 2010). 

There are several other nordihydroguaiaretic acid derivatives under development (Lu et al., 

2010). In one such study performed, synergistic effectiveness was shown for terameprocol 

(Figure 2, 20), a semi-synthetic tetra-methylated derivative of nordihydroguaiaretic acid, 

with antiseizure drugs in patients with recurrent high-grade glioma (brain and central 

nervous system tumors) (Grossman et al., 2012). Masoprocol is also in multiple phase I and 

II studies against prostate cancer (Atanasov et al., 2015; Smolewski, 2008).

Napabucasin (Figure 1, 13), a naphthaquinone, was first derived from the stem bark of 

Tabebuia cassinoides (Lam.) DC. (Bignoniaceae) as an antileukemic agent (Rao and 

Kingston, 1982). It is a small-molecule cancer stemness inhibitor that acts by blocking 

STAT-3 driven gene transcription and spherogenesis of cancer stem cells (Hubbard and 

Grothey, 2017; Sonbol and Bekaii-Saab, 2018). Several assays have shown napabucasin to 

not only inhibit prostate cancer growth but also block the sphere formation of prostate 

cancer stem cells, thereby demonstrating it as a novel approach to cancer treatment (Li et al., 

2015; Zhang et al., 2016) ). After exhibiting successful antitumor activity in a phase IB trial 

in combination with nab-paclitaxel and gemcitabine, napabucasin has recently been assigned 

orphan drug status for both gastric and pancreatic cancer (U.S. Food & Drug Administration, 

2016). It is currently in phase III studies for the potential treatment of advanced colorectal, 

lung, gastric and gastro-esophageal cancers and in early phase trials for multiple tumor 

types, including tumors of the liver, pancreas, and brain (Hubbard and Grothey, 2017) and in 

combination therapy with paclitaxel for carcinoma (Figure 1, 5). DSP-0337, is an oral 

prodrug of napabucasin, and presently is in phase I clinical development for patients with 

advanced solid tumors (U.S. National Library of Medicine, 2018c).

CA-1P (OXi4503), a phosphate derivative of combretastatin (Figure 2, 21), also recently 

acquired orphan designation, in this case for the treatment of patients with acute myeloid 

leukemia (Khazir et al., 2014). Other combretastatin analogs, also isolated from the bark of 

the African tree Combretum caffrum Kuntz (Combretaceae), such as combretastatin A4 and 

A1 [CA-4 (Figure 2, 22) and CA-1 (Figure 2, 23)] have been studied extensively for their 

structure-activity relationships, and are under development clinically for several cancer types 

(Khazir et al., 2014).

Flavopiridol (Alvocidib, Figure 1, 14) is a synthetic molecule inspired from a natural 

product lead compound, rohitukine (Figure 2, 24). First isolated from Dysoxylum 
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binectariferum (Roxb.) Hook. (Meliaceae) (Naik et al., 1988), rohitukine has found to target 

cyclin dependent kinases (CDKs), and Mcl-1 and other proteins involved either in the 

elongation process of transcription or in cell death (Khazir et al., 2014). Flavopiridol was the 

first in the class of CDKs taken to clinical trials against different types of cancer cells, and, 

for example, it is currently in phase I and II lymphoma and in combination with docetaxel 

against stage IV pancreatic cancer (U.S. National Library of Medicine, 2018a). In 2014, 

alvocidib was accorded orphan drug designation for patients with chronic lymphocytic 

leukemia by the U.S. FDA and in 2015 by the EMA, for the same indication (Wiernik, 

2016).

2.2. Other potential chemotherapeutic agents from plant sources

Secondary metabolites of plant origin, as demonstrated in the previous section, have shown 

great potential to be developed directly or semi-synthetically as anticancer drugs. Another 

strategy for obtaining new anticancer lead compounds is drug repurposing. Latterly, this 

strategy has gained increasing attention and this involves retesting existing drugs and their 

close structural analogs, mostly with non-oncological clinical applications, for their potential 

cancer-related activity based on their structural parameters or mechanism of action 

(Pantziarka et al., 2014). Accordingly, drugs and their analogues belonging to different 

pharmacological classes such as antidepressants, anti-infectives, antipsychotics, antivirals, 

and cardiovascular agents have been investigated as possible oncological drugs (Cragg et al., 

2014). One such compound is dihydroartemisinin (DHA, Figure 2, 25), a derivative of the 

antimalarial drug artemisinin, a sesquiterpene lactone from Artemisia annua L. (Asteraceae). 

DHA has shown apoptosis via growth-inhibitory ROS-dependent autophagy (Sleire et al., 

2017) and down-regulation of the protein transferrin receptor 1 (TfR1) (Ba et al., 2012). 

Artesunate (Figure 2, 26) is another semi-synthetic water-soluble artemisinin derivative that 

has been linked to autophagy by enhancing the activity of caspase-3, a pro-apoptopic protein 

(Sleire et al., 2017). It has shown promising results in in vitro and in vivo assays against 

lymphoma, myeloma, and hepatocellular cancer types both individually and in combination 

with drugs like sorafenib (Augustin et al., 2015). These antimalarial drug derivatives are 

currently undergoing several phase I and II clinical trials against different cancer types 

(Sleire et al., 2017). In certain forms of cancer, elevated insulin levels have been observed, 

which has led to cancer-related investigations on metformin (Figure 2, 27), a type-II diabetes 

drug (Thomas and Gregg, 2017). Structurally, this biguanide is a derivative of galegine 

(Figure 2, 28), a lead active constituent of Galega officinalis L. (Fabaceae, French lilac), 

obtained along with isoprenylguanidine (Fischer et al., 2010). These bioactive plant 

constituents showed a reduction in blood sugar levels when injected in test rabbits but with 

associated toxicity, which led to the later development of the derivative metformin (Fischer 

et al., 2010). Metformin acts by inhibiting protein translation by AMP-activated protein 

kinase (AMPK) and, owing to its ability to induce energetic stress, several epidemiological 

studies have related it as a possible therapy for treating cancer, in particular prostate, 

colorectal, and HER2-positive breast cancer (Sleire et al., 2017). Its mechanism of action 

causes protein unfolding and ER stress thereby resulting in cellular apoptosis. In a phase II 

pancreatic cancer study, no specific benefit was seen in patients administered with 

metformin as compared to a standard, but compound 28 showed positive results in diabetic 

women with HER2+ breast tumors (He et al., 2012; Kordes et al., 2015). Metformin is 

Agarwal et al. Page 6

Biotechnol Adv. Author manuscript; available in PMC 2020 July 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



currently being developed in several clinical trials both synergistically with other drugs like 

taxanes and also individually against various cancer types (Sleire et al., 2017). Table 2 

provides other examples of such plant-derived small molecules that show a possibility of 

being repurposed as anticancer drugs.

In addition, there are several additional plant-derived compounds, representative of a wide 

range of different structural types not mentioned earlier in this contribution, which are 

currently being subjected to clinical trials as potential anticancer agents that have been 

reviewed earlier (Butler et al., 2014; Henkin et al., 2018; Newman and Cragg, 2016)

3. Examples of botanical dietary supplements as potential sources of 

cancer chemotherapeutic agents

3.1. Introductory remarks on botanical dietary supplements

Medicinal plants have provided innumerable drugs over the years (Gertsch, 2009), but 

despite much available relevant scientific knowledge, only in the mid-1990s did the U.S. 

market see a significant growth in the use of dietary supplements, inclusive of botanical 

products, through the passage of the Dietary Supplements Health and Education Act by the 

U.S. Congress (Obolskiy et al., 2009). Botanical and other dietary supplements can be sold 

in the form of pills, tablets, tinctures, and liquids for oral use (National Institute of Health 

O.D.S., 1994). Though there have been several concerns regarding the safety, efficacy and 

quality of some of the supplements on the market, a recent report showed the U.S. dietary 

supplement market size to have grown substantially and estimated this to represent a market 

size worth $220 billion by 2022 (Bailey et al., 2013). To be classified as a dietary 

supplement, a botanical must be a “product intended to supplement the diet that bears or 
contains one or more dietary ingredients…or a concentrate, metabolite, extract or 
combination of any aforementioned ingredients” (National Institute of Health O.D.S., 1994). 

The sales of botanical dietary supplements has increased by 7.7% in 2016 compared with the 

previous years, with horehound, cranberry, and echinacea being the top three most sold 

supplements in this category in the U.S. (Benatrehina et al., 2018; Smith et al., 2017). Some 

of the other top-selling botanicals include black cohosh (Actaea racemosa L.), flaxseed 

(Linum usitatissimum L.), milk thistle (Silybum marianum L. (Gaertn.)), and aloe (Aloe 
vera (L.) Burm. f.) (Smith et al., 2017). For some botanical supplements scientific literature 

reports have appeared, supporting their potential use in treating various diseases 

(Benatrehina et al., 2018). In addition, supplements such as turmeric (Curcuma longa L.), 

saw palmetto (Serenoa repens (W. Bartram) Small), and garlic (Allium sativum L.) have 

been used by some patients with, for example, cancer or cardiovascular problems, owing to 

their potentially beneficial supportive effects (Gonzalez-Vallinas et al., 2013). Since a 

discussion of all botanical dietary supplements linked to cancer support is beyond the scope 

of this review article, focus has been placed on two well-established dietary supplements, 

Garcinia mangostana L. (mangosteen) and Morinda citrifolia L. (noni), which are mentioned 

in turn in the following two sub-sections. These two botanical dietary supplements have 

been subjected to extensive prior work by the current authors, in relation to cancer, as 

reviewed recently (Benatrehina et al., 2018). Other examples of widely used herbal 

supplements in terms of their potential anticarcinogenic effects are shown in Table 3.
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3.2. Mangosteen (Garcinia mangostana)

The so-called “queen of fruits”, Garcinia mangostana L. (Clusiaceae), is a juicy, slightly 

sweet and sour tasting fruit native to Southeast Asia and grown primarily in India, Malaysia, 

Indonesia, and Thailand (Benatrehina et al., 2018; Ramage et al., 2004). The purple 

mangosteen has been cultivated in these tropical areas for the past two centuries not just for 

commercial purposes but also owing to the medicinal properties of its fruits. In folkloric 

medicine, various plant parts of G. magostana have been used to treat various conditions, 

such as mucus accumulation, dysentery, diarrhea, and fever, among other ailments (Chin and 

Kinghorn, 2008). More recently, mangosteen dietary supplements (in powder, capsule, 

tablet, cream, and fruit juice form) have attracted much attention in the U.S. and elsewhere, 

due to being promoted as a “superfruit”, despite relatively limited human and clinical studies 

having been performed (Benatrehina et al., 2018; Gutierrez-Orozco and Failla, 2013). 

Moreover, mangosteen pericarps may be blended with the juices of several berries, cherry, 

grapes, apples and pears (Gutierrez-Orozco and Failla, 2013).

The genus Garcinia consists of more than 400 species and has been studied extensively for 

potential therapeutic effects, such as their antibacterial, antifungal, anti-inflammatory, 

antineoplastic, and antioxidant activities (Pedraza-Chaverri et al., 2008). The phytochemical 

constituents responsible for such properties include xanthones, flavonoids, pyrroles, 

benzophenones, and benzofurans (Chin and Kinghorn, 2008). In particular, prenylated and 

oxygenated xanthones, like α-, β- and γ-mangostin [α-MG (Figure 3, 29), β-MG (Figure 3, 

30) and γ-MG (Figure 3, 31)], mangostinone (Figure 3, 32), 8-hydroxycudraxanthone, 

caloxanthone A, garcinones A-E, esmeatxanthone A have been isolated from the pericarp of 

the fruits of mangosteen. In vitro and in vivo studies have been conducted to determine their 

antiproliferative and pro-apoptotic activities, particularly against colon cancer cell lines 

(Gutierrez-Orozco and Failla, 2013; Han et al., 2009; Pedraza-Chaverri et al., 2008). Several 

articles have documented the pharmacological and biological effects of mangosteen and its 

secondary metabolites, in particular for α-MG, the major fruit constituent (Benatrehina et 

al., 2018; Obolskiy et al., 2009; Ovalle-Magallanes et al., 2017; Wang et al., 2017). For 

instance, a positive effect of α-MG has been demonstrated against tumor growth in a 

prostate cancer xenograft model. It was further observed by the same group that α-MG 

induces cell arrest by inhibiting the activity of caspase-3 and cyclin dependent kinase 4 

(CDK 4), resulting in apoptosis in an in vitro prostate cancer cell line (Johnson et al., 2012). 

A study by Jung et al. (2006) demonstrated the ability of α-MG to inhibit 7,12-

dimethylbenz[α]anthracene (DMBA)-induced preneoplastic lesions in a mouse mammary 

organ culture assay. Another group showed the antitumor effects of panaxanthone, 

comprised of 75–85% of α-MG and 5–15% γ-MG, in a mouse metastatic mammary cancer 

model. Panaxanthone led to cell cycle arrest, via decreased phosphorylation of the Akt 

pathway, and caused reduced metastasis in a breast cancer in vivo model (Shibata et al., 

2013). In an in vitro HT-29 human colon adenocarcinoma study, α-MG showed 

antiproliferative potential by decreasing Bcl-2 and β-catenin at a 6–15 µM dose range 

(Chitchumroonchokchai et al., 2013). To further substantiate the mechanism of action of α-

MG, its therapeutic potential was studied in a non-small cell lung cancer cell line (NSCLC) 

and in normal lung fibroblasts (Zhang et al., 2017). Apoptosis was observed in the case of 

NSCLC due to the increased generation of reactive oxygen species (ROS), with little or no 
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cytotoxic effects shown towards the non-cancerous cells studied, thereby leading to a dose-

dependent ROS-induced apoptosis mediated by α-MG in NSCLC cells. In the same study, 

also observed was a decreased level of B-cell lymphoma 2 protein (Bcl-2) and increased 

levels of Bcl-2 associated x protein (Bax), as possible causes of cell death (Zhang et al., 

2017). γ-MG, on the other hand induced apoptosis via loss of mitochondrial membrane 

potential and enhanced intracellular peroxide levels as observed with a 60 µM dose in the 

hepatic carcinoma cell (HCC) line (Chang et al., 2013). An earlier study identified garcinone 

E (Figure 3, 33), a further xanthone derivative, as having a potent cytotoxic effect in a HCC 

cell line along with lung and gastric cancer cells in an in vitro 15-cell line panel (Ho et al., 

2002).

Furthermore, quite extensive research has also been done on determining xanthone 

metabolism and bioavailability when mangosteen is consumed as a botanical dietary 

supplement in animal models. In general, mangosteen xanthones have been shown to be safe 

and selective to tumor cells in animal models, but have been found to have a low oral 

bioavailability when administered to mice (Gutierrez-Orozco and Failla, 2013). In order to 

increase the bioavailability of mangosteen xanthones, several research groups have turned to 

nuanced biotechnological tools of drug delivery such as the use of micelles and nanoparticle 

formulations. In one such study, poly(ethylene glycol)-b-poly[N-(2-

hydroxypropyl)methacrylamide-dilactate] [mPEG-b-p(HPMAm-Lac2)] micelles of α-MG 

were prepared and were tested in doxorubicin-sensitive and-resistant cancer cell lines and in 

normal peripheral blood mononuclear cells (Khonkarn et al., 2012). With a loading capacity 

of approximately 19% in micelles (similar to that of paclitaxel micelles), a slow in vitro 
release of this xanthone was observed. The cytotoxic effect of the micellar formulation was 

observed to be 50-fold higher than that of the positive control substance, doxorubicin, 

against cancer cells, along with increased normal cell viability on exposure to the mPEG-b-

p(HPMAm-Lac2) xanthone micelle (Khonkarn et al., 2012). A similar study involved 

microemulsions of α-MG that were administered orally to C57/BL6 mice, which showed 

enhanced oral bioavailability and increased distribution in lymphatic organs (Xu et al., 

2017). Several groups have also prepared nanoparticle formulations of xanthone mixtures 

(both α- and γ-MG) and α-MG by itself. While some studies showed increased cytotoxicity 

of the nano formulation against colon and prostate cancer cell lines (Ovalle-Magallanes et 

al., 2017), other xanthone nanoparticle formulations were not so successful but raised the 

possibility of the controlled release of these formulations (Aisha et al., 2015).

3.3. Noni (Morinda citrifolia)

Noni (Morinda citrifolia L., Rubiaceae), primarily found in Asia and the Pacific region, is 

used as both food and medicine (Mian-Ying et al., 2002). Traditionally, various parts of this 

small shrubby tree, like the roots, fruits and leaves have been used to treat the common cold, 

diarrhea, tuberculosis, bacterial infections, oral and stomach ulcers (Benatrehina et al., 2018; 

McClatchey, 2002). A considerable amount of work has been done on analyzing the 

chemical composition of the roots, bark, leaves, and particularly, the fruits of noni (Obolskiy 

et al., 2009).
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So far, more than 200 phytochemicals have been identified from M. citrifolia including 

phenols (for example, damnacanthal, morindin, and scopoletin), lignans (americanin A, 

morindolin, and isoprincepin), flavonol glycosides (rutin, narcissoside, and nicotifloroside), 

small organic acids (caproic and caprylic acids), and other miscellaneous compounds such 

as triterpenoids and sterols (Chan-Blanco et al., 2006; Mian-Ying et al., 2002; Potterat and 

Hamburger, 2007). Several studies have been published exploring the potential activity of 

noni juice and its constituents specifically in the overall fields of cancer, inflammation and 

metabolic disease (Potterat and Hamburger, 2007). The ability of a noni fruit juice 

precipitate to disrupt cell adhesion of cancerous cells, was demonstrated using Lewis lung 

carcinoma (LLC) and sarcoma 180 ascites cultures (Liu et al., 2000; Potterat and 

Hamburger, 2007). Another study evaluated damnacanthal (Figure 4, 34) as an inhibitor of 

tumor formation by inhibiting the ras gene activation and cell apoptosis in human colorectal 

cancer cell lines (Abou Assi et al., 2017). Americanin A (Figure 4, 35), a neolignan that was 

also isolated from the seeds of Phytolacca americana L. (Phytolaccaceae) has also been 

demonstrated as a noni constituent with potent antioxidant activity (Kinghorn et al., 2011a; 

Su et al., 2005). In a recent study, americanin A from P. americana was found to be effective 

in in vivo in a mouse xenograft study with human colon cancer cells. Mechanistically, 

americanin A induced G2/M cell cycle arrest followed by apoptosis. The same investigators 

further examined the mechanism of action, with the ATM/ATR signaling pathways and 

Skp2-p27 modulated, leading to a low micromolar cytotoxic activity (Jung et al., 2015). 

Another bioactive noni constituent is 2-methoxy-1,3,6-trihydroxyanthraquinone (Figure 4, 

36), which in a quinone reductase (QR) in vitro assay showed a lack of cytotoxicity and 40-

fold increased activity on comparison with the positive control, ʟ-sulforaphane (Pawlus et 

al., 2005). Two glycosides isolated from noni fruits, 6-O-(β-ᴅ-glucopyranosyl)-1-O-

octanoyl-β-ᴅ-glucopyranose (Figure 4, 37) and asperulosidic acid (Figure 4, 38), were tested 

in vitro against the mouse epidermal JB6 cell line. These two compounds suppressed 12-O-

tetradecanoylphorbol-13-acetate (TPA)- and epidermal growth factor (EGF)- induced cell 

transformation and activator protein (AP)-1 associated activity, which plays a key role in 

tumorigenesis (Liu et al., 2001). Hence, previous work on a diverse range of different noni 

constituents, particularly of the fruits, are supportive of a potential role in cancer 

chemotherapy or chemoprevention, but additional studies of this type are required.

4. Contemporary techniques in the discovery and targeted delivery of 

small-molecule natural products from plants

4.1. Dereplication strategies in plant natural product purification procedures

4.1.1. Current dereplication methods—Since the dawn of human history, natural 

products contained in organisms have been an indispensable part of human life, representing 

both day-to-day assets to important medicines (Cragg and Newman, 2001a, b). From the 

medicinal perspective, up until the early 19th century, almost all natural products were used 

as extracts of whole organisms, with their chemistry or therapeutic constituent(s) little 

known prior to this (Atanasov et al., 2015). The isolation of morphine in 1805 from the 

crude drug opium obtained from poppy capsules (Papaver somniferum L.; Papaveraceae) 

paved the way for the isolation of numerous natural products, mostly from plants (Li and 

Vederas, 2009). For some of the early plant natural products from the 17th and 18th 
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centuries, subsequently used in medicine and pharmacy, the timeline of their initial 

purification has been reviewed by Drobnik and Drobnik (2016). Many of these compounds 

were found to be pharmacologically active and some still have current clinical utilization. 

Furthermore, the accidental discovery of penicillin by Alexander Fleming opened the 

“Golden Age of Antibiotics” that led to an extensive search of the microbial world for 

important medicines (Cragg and Newman, 2001a; Cragg et al., 2014; Newman et al., 2000). 

This led to the isolation and clinical application of drugs that are still the mainstay of 

treatment including aminoglycosides, avermectins, cephalosporins, clavulanic acid, 

cyclosporins, glycopeptides, polyene macrolides, rapamycin, statins and the tetracyclines 

(Cragg and Newman, 2013; Katz and Baltz, 2016). The overall value and contribution of 

natural products to modern medicine were reflected in a recent analysis of the sources of all 

drugs from 1981 to 2014. Of the 1562 drugs approved in western countries during this time 

period, 619 (~40%) were natural products or their derivatives (Newman and Cragg, 2016).

Despite such tremendous success, in the past two decade several major pharmaceutical 

industries including Bristol Myers Squibb, Merck, Johnson and Johnson, Pfizer and 

GlaxoSmithKline have abandoned their natural product drug discovery research units (David 

et al., 2015; Li and Vederas, 2009; Ortholand and Ganesan, 2004). The contributing factors 

to this are various and can be related to factors such as cost, time involved, compound 

novelty, synthetic feasibility, quantities obtained and intellectual property considerations 

(Ortholand and Ganesan, 2004). Furthermore, difficult access to source organisms, the 

presence of most of the bioactive compounds in low amounts, and the continued re-isolation 

of already known compounds were also major considerations that have led to a decline in the 

use of natural products in the drug discovery process in the pharmaceutical industry 

(Kingston, 2011; Lam, 2007; Mohamed et al., 2016). Some of these problems were 

recognized early, for example by Hanka et al. (1978) and Suffness and Douros (1981), and a 

recent review highlights how these remain continued limitations in the natural products drug 

discovery process (Kurita and Linington, 2015). One major issue, the repeated re-isolation of 

known compounds, is the main topic of dereplication, a term probably introduced first in the 

antibiotic field (van Middlesworth and Cannell, 1998) and that is discussed further in the 

present part of this review.

Beutler et al. (1990) defined the term “dereplication” to refer to those processes used “…to 
identify [the] samples containing known active compounds or compound classes in a rapid 
fashion, without investing time in traditional bioassay-guided fractionation and full structure 
elucidation”, when they were attempting to process a large number of bioactive plant 

extracts using a phorbol dibutyrate (PDBu) receptor-binding assay. In general, dereplication 

involves the screening of natural product mixtures and biological sources prior to isolation 

for their chemistry and bioactivity, not only to prioritize the isolation of novel bioactive 

compounds but also to exclude previously isolated compounds from further investigation. 

Dereplication may be further facilitated by comparing experimental data with information 

available in-house and/or commercial databases (Sarker and Nahar, 2012). An example of 

the early recognition of the importance of dereplication from a pharmaceutical industry 

perspective was highlighted by Borris (1996). In short, the main aim of dereplication is the 

saving of time and resources by avoiding the re-isolation of already characterized and 

documented compounds from candidate organisms of interest, and this involves the 
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elimination, grouping and/or prioritization of plant and other extracts from organisms for 

further investigation (Borris, 1996; Butler, 2004).

4.1.2. Dereplication methods and characteristics—As indicated above, for a given 

dereplication procedure in natural products drug discovery to be effective, it should involve 

the combined use of a separation method and a spectroscopic detection procedure, and the 

subsequent data analysis and interpretation may be facilitated by online database searching 

(Sarker and Nahar, 2012). In addition, the process can be further supported by integration 

with a biological assay, or indeed the biological assay can be used alone as a dereplication 

strategy (Yang et al., 2013). Whatever the overall approach, the appropriate selection and 

integration of efficient dereplication methods will impact the length of time from the initial 

identification of results of biological or pharmacological studies to the final characterization 

of the new bioactive compounds (Jia, 2003). Most dereplication processes involve the use of 

spectroscopic techniques to guide the isolation process (mostly also using chromatographic 

methods) and this on-line combination with an “interface” is termed a “hyphenated 

technique” (Hirschfeld, 1980). Of the chromatographic separation methods available, HPLC 

and gas chromatography are among the most commonly used (Seger et al., 2013). Owing to 

its ability to be combined with numerous detectors and availability of various columns, LC 

(both HPLC and UHPLC) is the most common separation method used in the various 

hyphenated techniques available (Seger et al., 2013). Furthermore, LC can be integrated with 

bioassay methods as “high-resolution screening” to facilitate the dereplication process by 

pinpointing novel bioactive compounds (Shi et al., 2009). In addition, the introduction of 

ultrahigh-performance liquid chromatography (UHPLC) with sub-2 μm particle-sized 

stationary phases to increase the resolution and/or shorten analysis times has made LC a 

method of choice among numerous available hyphenated techniques (Jorgenson, 2010). 

Thus, some of the common hyphenated techniques based on LC include LC-DAD, LC-

ESLD (Megoulas and Koupparis, 2005), LC-MS (Korfmacher, 2005), LC-NMR (Exarchou 

et al., 2005; Jaroszewski, 2005a) and LC-IR (Kuligowski et al., 2010).

It is also possible to use two or more spectroscopic methods in combination, allowing for the 

separation and acquisition of all spectral data at once, particularly for samples available only 

in limited amounts (Wilson and Brinkman, 2007). In this regard, a widely used dereplication 

technique in drug discovery is LC-MS-NMR (Corcoran and Spraul, 2003), with many 

variants available such as LC-PDA-HRMS-SPE-NMR, where solid-phase extraction (SPE) 

is intended to resolve the technical issues associated with using in combination two 

detection methods (i.e., NMR and MS) with different degrees of sensitivity (Jaroszewski, 

2005b; Lima et al., 2017). This procedure offers the ability of the investigator to elucidate 

the structure of individual natural products when present in mixtures (i.e., crude extracts of 

organisms and chromatographic fractions), thereby facilitating early dereplication without 

isolation, in addition to allowing preparative-scale isolation, and has been applied for the 

isolation of numerous secondary metabolites (Clarkson et al., 2006; Johansen et al., 2011; 

Johansen et al., 2013; Kesting et al., 2011; Staerk et al., 2009). Furthermore, LC-PDA-

HRMS-SPE-NMR has been integrated with various biological assays, with many of these 

being enzyme-inhibition assays, such as protein tyrosine phosphatase-1B and α-glucosidase 

(Wubshet et al., 2015; Wubshet et al., 2016), hyaluronidase (Liu et al., 2015), H+‑ATPase 
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(Kongstad et al., 2014), α-amylase (Okutan et al., 2014), and antioxidant assays (Wubshet et 

al., 2013). Excellent reviews on the methodologies and informatics involved in dereplication 

in general have been published (Gaudencio and Pereira, 2015; Hubert et al., 2017; Ito and 

Masubuchi, 2014; Mohamed et al., 2016; Perez-Victoria et al., 2016; Wolfender et al., 2006; 

Wolfender et al., 2015). Accordingly, in the following paragraphs, the discussion will mainly 

focus on a newer dereplication technique based on (LC-) MS, namely, “molecular 

networking”.

Mass spectrometry and tandem mass spectrometry advantages and their 
limitations: Mass spectrometry (MS) is one the most sensitive (nanogram range) analytical 

techniques available. Along with its simplicity of operation and robustness, most of the 

dereplication methods used in natural products isolation chemistry involve mass 

spectrometry integrated with a separation method, most commonly HPLC, as in the 

hyphenated technique LC-MS (Bouslimani et al., 2014; Wolfender et al., 2015). 

Furthermore, data acquisition and analysis using mass spectrometry is rapid with a high 

degree of resolution. In recent years, significant instrumental developments in the separation, 

sampling and ionization techniques have simplified the analysis of complex mixtures and 

made mass spectrometry a technique of choice for many applications (Garg et al., 2015). 

When incorporating high-resolution mass spectrometry (HRMS) (Marshall and 

Hendrickson, 2008), LC-MS gives accurate masses of compounds being analyzed that can 

be used for database searching, and also the identification of molecules present can be 

facilitated further by analysis of fragmentation patterns and isotopic ratios, retention times, 

and may also include chemotaxonomic information (Nielsen et al., 2011). However, the 

number of candidate molecular formulas for a given mass (e.g. a molecular ion) can be large 

and daunting (Yang et al., 2013). For example, with the molecular formula of C15H22O3, 

there were 113 candidates in the microbial natural products database Antibase2008, all of 

which were in the terpene class of natural products (Nielsen et al., 2011). In contrast, since 

each molecule has its own unique fragmentation pattern that is solely dependent on its 

chemical architecture, tandem mass spectrometry (MS/MS) of compounds will usually 

provide a better insight into its chemical structure. Thus, information obtained from MS/MS 

can be used to increase the reliability of mass spectrometry-based dereplication (Allard et 

al., 2016). However, when it comes to mixtures, this generates thousands of MS/MS spectra, 

or “big data”, as is the case in natural products research involving metabolomics, which 

makes manual analysis, and the interpretation and presentation of data difficult (Garg et al., 

2015). Furthermore, identification of previously unknown compounds, where there is no 

data in the spectral libraries, within mixtures can be difficult in case of “untargeted” MS/MS 

(Hartmann et al., 2017)

4.1.3. Molecular networking methods

4.1.3.1. Principles of molecular networking: Molecular networking (sometimes 

abbreviated as MN) is a computational algorithm that was developed to tackle the above-

mentioned problems of tandem mass spectrometry and may be applied to enhance the 

efficiency of fractionation procedures for bioactive plant natural products in crude extracts 

from organisms (Garg et al., 2015). First reported in 2012 to investigate the chemical 

profiles of microbial colonies, molecular networking is based on the principle that small-
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organic molecular constituents of organisms with a similar mass spectrometric chemical 

architecture will exhibit similar fragmentation patterns (Watrous et al., 2012). Most of the 

examples covered thus far do not refer to compounds with potential anticancer activity, so 

various different types of biological effects will be referred to in the discussion below. In 

molecular networking, this level of similarity is determined by a vector-based cosine score 

that takes the relative intensities of fragment ions and mass difference of the matched 

precursor ions into account in the calculation of a “similarity score”. This score ranges from 

0 to 1, with a score of 1 indicating identical spectra (Watrous et al., 2012). To avoid the 

redundancy of identical ions (i.e., molecules) appearing more than once, identical spectra, 

usually with scores of more than 0.95, typically are merged to give a consensus spectrum. 

After determination of the score and necessary pre-networking make-ups (e.g., the removal 

of solvent spectra and low-intensity ions), a molecular network showing the level of 

similarity between the individual MS/MS parameters (depicted by nodes) is constructed. In 

the network, each consensus spectrum that corresponds to a particular precursor ion (and 

thus the MS/MS data) is represented by a node and connected by lines (called “edges”) to 

other nodes having similar MS/MS profiles. The thickness of the edges indicates the level of 

similarity between the precursor ions based on the cosine score set up by the user (for 

example, it could be set at 0.7) (Quinn et al., 2017; Watrous et al., 2012; Yang et al., 2013). 

Various attributes can be designated with regard to the shape and color of the nodes such as 

the relative amount of the precursor ion, the source organism for the particular precursor ion, 

the chromatographic fraction number, and bioactivity data and database matches (Garg et al., 

2015; Kleigrewe et al., 2015; Nothias et al., 2018). Isolated nodes that are not connected to 

any other nodes and molecular families (see below) may represent compounds with 

structural novelty (Duncan et al., 2015). However, care should be taken not to interpret the 

total number of nodes (= ions detected) visualized in molecular networking as being equal to 

the total number of unique compounds present in the sample, because of adduct formation 

for the same compound, among other reasons (Crusemann et al., 2017). Furthermore, since 

chromatographic retention times are not usually considered, isomers can cluster into single 

nodes in natural product samples (Olivon et al., 2017b). For example, in a study conducted 

to isolate anti-chikungunya virus diterpenoids from the aerial parts of the plant Euphorbia 
pithyusa L. (Euphorbiaceae) using “targeted” MS/MS, dideoxyphorbol ester isomers were 

clustered into the same node due to the clustering mechanism of the algorithm (Esposito et 

al., 2017). This could be solved by application of appropriate preprocessing parameters 

using MZmine before submitting to GNPS (Global Natural Product Social Molecular 

Networking; see below) (Olivon et al., 2017b) or by deactivation of the “MS-Cluster” 

feature of the GNPS Data Analysis workflow (Nothias et al., 2018). Other documented 

limitations of molecular networking result from the inherent limitations of mass 

spectrometry such as ionization problems and an inability to discriminate isomers (Yang et 

al., 2013).

4.1.3.2. Uses of molecular networking: The real utility of molecular networking, besides 

overall organization and visualization, lies in the fact that molecules with similar chemical 

structures and hence similar mass spectrometric fragmentation patterns tend to cluster 

together to form “molecular families”. In other words, each molecular family may represent 

molecules with unique chemical scaffolds that may or may not be related to other in the 
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dataset (Nguyen et al., 2013). As such, molecular networking can be used for linking 

biosynthetic gene clusters (BGCs) of natural product samples with molecular families 

(Nguyen et al., 2013). In addition, nodes in a family can be assumed to possess similar 

bioactivities as dictated by their structural differences (Olivon et al., 2017a). Furthermore, a 

large number of nodes in a cluster indicates that most of molecules are structurally related 

while those with only a few nodes might indicate a degree of novelty that is worthy of a 

follow-up investigation (Nguyen et al., 2013). In addition, once one of the nodes is 

annotated, this can be used to annotate other nodes and even extend the annotation to other 

families by looking at common fragment losses such as 14 amu for loss of CH2, and 16 amu 

for oxygen, and so on (Nothias et al., 2018). With the ability of molecular networking to 

organize, analyze and visualize very large datasets of MS/MS spectra in a convenient 

manner, this technique has garnered considerable interest from different natural product 

research groups. Thus, the applications of molecular networking are diverse and some of 

these include the study of intra- and/or inter-species microbial interactions (Shi et al., 2017; 

Vallet et al., 2017), the isolation of bioactive secondary metabolites through the study of 

BGCs (Duncan et al., 2015; Kleigrewe et al., 2015; Schorn et al., 2014; Wu et al., 2016), in 

investigations of drug discovery and metabolism, clinical diagnostics and precision medicine 

(Quinn et al., 2017), and to organize and visualize the chemistry of samples of unrelated 

origin (Garg et al., 2015). For example, by using molecular networking of extracts derived 

from 146 Salinispora and Streptomyces species, Crusemann et al. (2017) showed that 

secondary metabolite production (i.e., the number of compounds and their diversity) was 

dependent on the species and strain, duration of culturing, the location where the strain and 

species were collected, and the type and composition of the growth medium. Furthermore, it 

has been shown that the type and number of solvents used for extraction directly affects the 

number and diversity of compounds extracted (Crusemann et al., 2017). Thus, since its first 

description, molecular networking has been used as a major dereplication tool as described 

in several natural products publications (Chervin et al., 2017; de Oliveira et al., 2017; 

Nothias et al., 2017; Nothias et al., 2018; Remy et al., 2018), as will be discussed in more 

detail below.

4.1.3.3. Molecular networking as a dereplication tool: As pointed out earlier, 

dereplication is usually facilitated by database searches that contain spectra of known 

compounds. Similarly, successful and reliable dereplication by molecular networking may 

be achieved through comparison with MS/MS spectra of standards or libraries (databases) 

(Kleigrewe et al., 2015; Olivon et al., 2017b). The clustering of similar compounds within a 

network, as determined by their fragmentation pattern, followed by analysis, will help in 

determining whether that cluster is worthy of further investigation, thereby facilitating the 

dereplication process (Allard et al., 2016). For example, a molecular family containing the 

cytotoxic dolastatin 10 and its analogs was excluded from further investigation from the 

bioactive extracts and fractions from a Symploca species (Naman et al., 2017). Furthermore, 

the similarity of the spectra of previously unknown compounds to those with available 

reference spectra facilitates their structural characterization and the categorization process 

(Naman et al., 2017). Depending on the capacity of the database used for searching the 

spectral library, the absence of spectral matches during dereplication might be enough to 

warrant further investigation of an extract or fraction from an organism, as this might 
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suggest chemical novelty. For instance, inspired by the lack of reference spectra matches in 

the MarinLit or AntiMarin databases, Liaw and associates isolated ten new amino-

polyketides, named as vitroprocines A-J, from the active ethyl acetate extract of the marine-

derived Vibrio sp. QWI-06, in which three of them were found to be active against 

Acinetobacter baumannii (Liaw et al., 2015).

The use of molecular networking as a dereplication strategy has been successfully 

articulated effectively earlier, and successful dereplication using molecular networking 

involves three main steps: (i) acquisition of tandem mass spectra, (ii) the generation of 

molecular networks (iii) and analyses using various mechanisms (Yang et al., 2013). In 

particular, it has been emphasized that reference LC-MS/MS spectra of known compounds 

and/or previously isolated and well-characterized compounds can be generated in the same 

manner as the sample to aid in the dereplication process by serving as a “seed” (Fox Ramos 

et al., 2017; Yang et al., 2013). However, it should be noted that application of molecular 

networking is not strictly dependent on databases or reference compounds (Yang et al., 

2013). A dual purpose of molecular networking has been explained by Quinn et al. (2017) as 

either an “ab initio paradigm” (with no need to know the chemistry of the sample for 

annotation) or as an “incremental paradigm” (where the spectra of the reference or purified 

compounds can used to annotate the chemistry of molecular families). Based on the results 

of either of these methods, the cluster to pursue for isolating bioactive compounds can be 

then selected (Quinn et al., 2017). In the case of the inavailability of reference compounds 

and/or the lack of spectral matches in the available in-house, commercial databases and 

public libraries (GNPS; see below), “virtual” spectra can be generated by in silico modeling 

(Allard et al., 2016). For example, an in silico model was used for the targeted isolation of 

acetylcholinesterase inhibitory monoterpene indole alkaloids from the leaves of Palicourea 
sessilis (Vell.) C.M. Taylor (Rubiaceae) (Klein-Junior et al., 2017). The generation of 

molecular networks can be performed by using the Global Natural Product Social Molecular 

Networking (GNPS) Web platform and final visualization of the whole network by 

Cytoscape® or any visualization method (Quinn et al., 2017). The GNPS platform is a 

community-based web platform for sharing, and a repository for the visualization and 

analysis of tandem MS/MS datasets (Wang et al., 2016). With regard to dereplication, the 

advantage of GNPS is the availability of reference spectra from both the community and 

third-parties such as MassBank, ReSpect and NIST (Wang et al., 2016).

The power of “seeding” reference spectra during generation of molecular networks can be 

elaborated upon as follows. Since clustering is based on spectral similarity, and hence 

structural similarity, examination of the cluster in which the “seed” spectra is located will 

help in the partial or total identification of the chemical structure or class of the other nodes 

within that cluster. This can be done by closer analysis of the individual MS/MS data for 

common fragment losses between the reference node and node(s) of interest (Nothias et al., 

2018; Yang et al., 2013). For example, tandem mass spectra of known jatrophane esters were 

“seeded” in the molecular networks to aid the annotation of nodes that led to isolation of 

new jatrophane ester analogs from the whole part of Euphorbia semiperfoliata Viv. 

(Euphorbiaceae) (Nothias et al., 2017). The use of an in-house MS/MS spectral database for 

those natural products with unavailable public or commercial spectra was demonstrated for 

targeted isolation of monoterpene indole alkaloids from the bark of Geissospermum laeve 
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(Vell.) Miers (Apocynaceae) (Fox Ramos et al., 2017). As mentioned in the preceding 

paragraph, another viable and powerful option is to use the spectral library (i.e., reference 

spectra) of the GNPS to search for similar spectra to the experimental spectra. Furthermore, 

the variable dereplication feature of GNPS will also help in identifying possible analogs 

with different substitution or modification even if the compounds have unrelated basic 

skeletons (Wang et al., 2016). This is an analog search option, in which the annotation of 

nodes once any of the other nodes structure is solved or the annotation and isolation of 

analogs based on the “seed spectra” could be important; as it is known that simple structural 

variation might be enough to switch bioactivity from inactive to extremely potent or vice 
versa or even switch targets (Pye et al., 2017). As an example of the value of molecular 

networking in this perspective, the reference spectra of various diterpenoids facilitated the 

annotation of several analogs, that were excluded from further investigation since the 

reference diterpene esters were found to be inactive in the anti-chikungunya virus assay used 

(Nothias et al., 2018).

Comprehensive databases (on-line, in silico or public like GNPS) are important in order for 

molecular networking to be reliable and to succeed as a dereplication tool (Fox Ramos et al., 

2017). Major limitations with the currently available databases are their lack of 

chemodiversity and the restricted access to reference spectra. Furthermore, the procedures 

used to extract and analyze the plant and other secondary metabolites as well as the methods 

and acquisition parameters used in acquiring the LC-MS/MS data might have an effect on 

the spectral comparison between standards and the sample MS/MS parameters (Garg et al., 

2015). The quality of MS/MS data used for constructing the molecular networks might also 

affect the comparison process (Olivon et al., 2017c). It is also indicated that in molecular 

networks generated using GNPS, information regarding the relative abundance of 

compounds might be missing as GNPS’s major purpose is for spectral comparison (Nothias 

et al., 2018).

4.1.3.4. Solving some pitfalls of bioassay-guided isolation with molecular 
networking: Bioassay-guided isolation, in which proceeding to the next step of compound 

purification is dictated by the bioactivity data of the previous step used, has been the main 

means of isolation of bioactive natural products (Gomes et al., 2018). However, the re-

isolation of already characterized compounds along with the costly and time-consuming 

nature of the process has been the major challenge in bioassay-guided isolation (Atanasov et 

al., 2015; Olivon et al., 2017a). Thus, it has been suggested that the classical iterative 

bioassay-guided fractionation and isolation procedures can be significantly shortened by 

integration of molecular networking with a bioassay (Naman et al., 2017). For example, after 

the necessary sample clean-up and preparation, chromatographic methods can used to make 

major fractions from an extract and submitted for bioassay as well as subjected to LC-

MS/MS. Then, molecular networks can be constructed with node color and/or size 

correlating with bioactivity level and/or the fraction number in which the compounds of 

interest are present. Comparison with in-house, in silico or reference spectra in the available 

databases (e.g., GNPS) might indicate whether the compounds are known or new. As an 

example, this was applied in the isolation of anti-chikungunya virus diterpenoids from 

Euphorbia pithyusa L. (Euphorbiaceae) (Esposito et al., 2017). Furthermore, once the LC-
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MS/MS, bioactivity and molecular networking steps are conducted, various exclusion/

inclusion criteria (e.g., bioactivity level, and the presence or absence compounds with 

defined chemistry and activity) may be applied in order to guide the selection of fraction for 

further investigation, as was shown in the isolation of a cytotoxic cyclic peptide, samoamide 

A, from the marine cyanobacterial species Symploca (Naman et al., 2017).

Thus, the integration of molecular networking with a bioassay will help in concentrating the 

isolation protocol on the isolation of novel bioactive compounds without wasting time and 

resources on often long and tedious traditional bioassay-guided fractionation and isolation 

steps (Naman et al., 2017). In another example, bioactivity data obtained from WNT 

signaling assay and chikungunya virus assays were used to prioritize clusters in a molecular 

networking derived from 292 Euphorbiaceae species extracts collected from New Caledonia 

(Olivon et al., 2017a). In this study, the nodes were tagged with various bioactivity levels 

(EC50 or IC50) of the extracts, which enabled selection of potent sub-networks for further 

investigations. Furthermore, to aid in the targeted isolation of the bioactive compounds, 

molecular networks were tagged with taxonomic information. This tagging of molecular 

networks with bioactivity and taxonomic data followed by targeted isolation led to isolation 

of new and known WNT signaling and chikungunya virus inhibitors from two 

Euphorbiaceae species, Bocquillonia nervosa Airy Shaw and Neoguillauminia cleopatra 
Baill., some of which were active in both assays. The annotation of some of the nodes in 

order to search for analogues (i.e., variable dereplication) was aided by in silico-generated 

MS/MS spectra targeted to secondary metabolites specific to the plant species 

Euphorbiaceae (Olivon et al., 2017a). Finally, to facilitate the dereplication and bioassay-

guided isolation process, the concept of “bioactive molecular networking” has been 

introduced recently (Nothias et al., 2018). In this proof of concept analysis, bioactive 

molecular networking was applied for isolation of minor but potent and selective anti-

chikungunya virus compounds from the latex of Euphorbia dendroides L. (Euphorbiaceae). 

To locate and isolate the most potent and selective compounds, bioactivity scores were 

calculated for each ion detected by LC-MS using the Pearson correlation coefficient (r) that 

correlated the relative abundance of an ion from its LC-MS peak and the selectivity index of 

fraction from the anti-chikungunya virus assays. Then, bioactive molecular networks were 

generated using GNPS and visualized by Cytoscape®, in which large node size indicated 

high antiviral activity in direct relation to a high r, while relative abundance in a certain 

fraction was indicated by a pie chart. With this tool, the researchers were able to isolate four 

new phorbol esters, two of which were found have some selectivity against the virus 

investigated. Further, investigators were able to dereplicate known compounds and analogs 

(using the “analogs search function” feature of the GNPS) through seeding of spectra of 

known compounds available in the GNPS (Nothias et al., 2018).

4.2. Biological assays

The therapeutic potential of any solvent-produced extract of an organism depends on the 

active secondary metabolites present. Additive or synergistic effects can be observed 

sometimes for mixtures of active constituents. Either single chemical entities (SCEs) or 

groups of compounds can be developed as chemotherapeutic agents with the aid of 

bioassays. Several approaches can be applied to determine the potential of these chemical 
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entities. In the laboratory, the utilization of both cellular and animal models has been key in 

the development of new drug leads in recent years. The general types of bioassays utilized in 

natural product anticancer drug development include cell-based and cell-free assays for the 

study of biochemical interactions as well as the use of animal models for efficacy studies. 

Additionally, these lead compounds have needed to be optimized for proper bioavailability 

and selective delivery, in order to reduce side effects and adverse events (Afsar et al., 2016; 

Muñoz-Acuña et al., 2013; Ren et al., 2012; Singh et al., 2016; Wang et al., 2012).

4.2.1. Cell culture—Cells have been used in natural product drug discovery procedure 

since the early 1900’s, and subsequently have become indispensable tools that are utilized 

for a variety of basic and clinical studies (Sawant and Torchilin, 2010). Two different 

systems of cell culture have been utilized over the years including 2D and 3D cell culture 

arrangements. The main advantages of 2D cell culture-based systems include facile cell 

observation, environmental control, and bioactivity measurement. However, these systems 

also exhibit limitations such as diminished compatibility with in vivo models, augmented 

drug sensitivity, and, due to the required exposed surface, their use in both clinical and 

laboratory investigations is also limited. The traditional model used consists of a static dish 

culture system, which generates mainly adherent two-dimensional (2D) cell monolayers. 

Hence, most cell types used in 2D cultures are adherent and cannot be grown in flotation 

without a mechanical provision, except for blood cells (e.g., leukemia cells). All newly 

isolated and immortalized culture cells have been grown in tissue culture using appropriate 

plastic flasks to generate localized adhesions. To maintain healthy conditions of the cells 

passing between generations, they are monitored and controlled. A classic example of this 

type of system include the so-called cell cytotoxicity assays commonly used to evaluate cell 

proliferation and cell cytotoxicity levels, such as methyl-thiazolyl-tetrazolium (MTT) 

proliferation and sulforhodamine B (SRB) assays (Mosmann, 1983; Ren et al., 2012).

Using a similar format, collection of a substantial amount of data gathered over the years 

using 2D cultures has helped to answer essential questions and will continue to be used to 

respond to fundamental biological questions for the foreseeable future. This general method 

is inexpensive compared to other culture models, has a large database of prior results 

available for comparative analysis and thus is better understood, and also yields data that can 

be more easily analyzed with traditionally accepted methods than most three-dimensional 

(3D) cell culture systems (see below), which require more advanced technologies. However, 

it has been found that cells, specifically cells in 2D cultures, act structurally and functionally 

different to in vivo conditions due to environmental exchanges, which would not be the same 

because of the lack of a 3D structure that a tumor would exhibit intrinsically (Riedl et al., 

2017). Thus, 2D cell cultures have some basic disadvantages but even so they are currently 

used widely in natural products research directed towards the discovery of new anticancer 

agents (Figure 5) (Kapałczyńska et al., 2018).

A previous example of plant natural products of interest studied using typical 2D monolayer 

cells is the cyclopenta[b]benzofuran, silvestrol (Figure 10A, 41) isolated first from Aglaia 
foveolata Pannell (Meliaceae), a species collected in Indonesia (Hwang et al., 2004; Pan et 

al., 2010). Silvestrol, was isolated in the laboratory of the current author group, and this 

compound has shown potential in inhibiting B-cell malignancies (Hwang et al., 2004; Lucas 
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et al., 2009; Pan et al., 2010; Pan et al., 2014). The 2D and normal cancer cell lines used 

were lung cancer (Lu1), hormone-dependent human prostate cancer (LNCaP), human breast 

cancer (MCF-7), and human umbilical vein endothelial cells (HUVEC), showing IC50 

values of 1.2, 1.5, 1.5, and 4.6 nM, respectively, when compared to paclitaxel (2.3, 4.7, 0.7, 

105.5 nM) (Hwang et al., 2004; Pan et al., 2010). Silvestrol is discussed in additional detail 

in sub-sections 4.2.2.1 and 4.3.3.2 of this review article.

The 3D cancer cell model alternatives are key in solving 2D matrix shortcomings that can 

essentially change the behavior of cells (Riedl et al., 2017). Recent studies have shown that 

cells closely mimic their natural environment when grown as a thick layer of polymeric 3D 

molecules, because the structure tends to maintain a balanced state, making it similar to 

tissues and organs, and more physiologically appropriate for human applications (Imamura 

et al., 2015). The 2D culture systems referred to above lack the conditions where cells grow 

within a complex 3D microenvironment with vascularization that supplies and eliminates 

metabolites and catabolites as well as additional traits found in the body such as an 

extracellular matrix. A 3D culture would exhibit extracellular matrix (ECM) interactions 

similar to that of the native tumor ECM, increasing resistance. In contrast, a 2D culture 

would have the ECM missing and resistance to compound treatment would not be the same. 

Recent developments have studied complex systems on how diverse sorts of cells interact 

and therefore 3D cultures allow for the simulation of conditions found in a living organism. 

As an example, spheroids derived from patients were used to identify the best therapy for 

different stages of HER2-negative breast cancer. The results, using this method, revealed that 

the spheroids for HER2-negative breast cancer were according to current treatment guideline 

recommendations (Halfter et al., 2016). As a result, the data sets collected from 3D models 

are more predictable than those obtained from 2D models (Figure 6). Thus, 3D cultures have 

been introduced in order to simulate conditions as in the living organism.

On the other hand, 3D cultures show more structural complexity, and so the laboratory 

techniques used with these 3D culture can be cumbersome and time-consuming. 

Additionally, certain 3D models may contain undesirable elements, such as growth factors 

and viruses. Another difficulty is that 3D cell cultures are larger in size when compared to 

2D systems, making difficult some visualization and quantification analytical procedures. 

The increased size and layers cause differences in the distribution of nutrients and oxygen 

throughout the system, which would not be ideal in a living system. Overall, it is felt that 

cell culture in a 3D format is a better representation of the tissues and their external 

environment, even with the complications that arise from their use (Brancato et al., 2018; 

Riedl et al., 2017).

Among the different types of 3D cultures available are: (a) reaggregate or sphere cultures, 

(b) hydrogel/scaffold cultures, (c) rotary bioreactor cultures with cell aggregates or 

microcarriers, as well as (d) organotypic slice cultures (Fang and Eglen, 2017). These 

systems are characterized by differences in cell dispersion and preservation of tissue 

function. Re-aggregate cultures are induced to stimulate the formation of a sphere. 

Regardless of the weaknesses of reaggregate cultures, these systems can assist in the 

development of useful models to study interactions between cells. Organotypic cultures 

maintain architecture and preserve network. The scaffold techniques are founded on the 
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presence of millipores for proper nutrition and environment of the cells. Scaffold-free 

systems, on the other hand, classically use techniques such as hanging drop templates, 

magnetic levitation, and magnetic 3D bioprinting. Despite all advantages, these scaffold 3D 

systems are less common and less well-developed (Figure 6) (Fang and Eglen, 2017).

Presently, 3D cultures continue to be under development as they seem to have high promise 

in anticancer drug discovery and development (Imamura et al., 2015; Nath and Devi, 2016). 

The use of 3D spheroid tumor models has also been applied to the active constituents of 

botanical dietary supplements, such as α-mangostin (α-MG, Figure 3, 29) from mangosteen 

(see sub-section 3.2 of this review). Thus, the 3D spheroid experiments for MDA-MB-231 

melanoma cells had a less potent effect in reducing spheroid volume and density at 24 and 

48 hours (30 µg/ml). However, in an MCF-7 breast cancer spheroid experiment, although α-

MG showed the highest potency in reducing spheroid volume at both 24 and 48 hours (<5 

µg/ml), the spheroid density had an inverse relationship to concentration changes of α-MG 

(Scolamiero et al., 2018).

There is an increased effort to develop models that mimic the microenvironment of tumors 

in the body (Yip and Cho, 2013). A recently developed 3D cell microenvironment 

technology that is used in natural products anticancer drug research is that involving 3D 

breast cancer microtissue (3D-µTP). This newly developed assay is used for determining in 
vitro cytotoxicity. The main advantage of this 3D model as opposed to others, like spheroids, 

is that the microenvironment of tumors is better represented due to the formation of an 

extracellular matrix (ECM). The ECM is an essential component of tumors as this regulates 

tumor progression. Although it has been used with doxorubicin, a non-plant-derived natural 

product, its application could be extended to other compounds isolated from natural sources 

(Brancato et al., 2018). Moreover, the comparative analysis of 2D and 3D tumor models for 

drug discovery has been under study as a promising approach for drug development (Stock 

et al., 2016).

4.2.2. Animal models—The use of animal models in natural products drug discovery 

research has led to an understanding that there are many compounds that are potent in 

monolayer cell cytotoxicity assays but not in animal models. Additionally, the compound 

could be non-specific, have extreme toxic effects, limited solubility, and other unexpected 

limitations (Carter et al., 2014; Cekanova and Rathore, 2014). There are a variety of animal 

models used in natural products cancer research and each of these may have a different 

application for the particular disease state being studied. The two animal species that will be 

mentioned in this review are those involving mice and zebrafish (Carter et al., 2014; 

Cekanova and Rathore, 2014).

4.2.2.1. Murine: A murine assay that has been established by the U.S. National Cancer 

Institute (NCI) and is currently in wide use for natural products anticancer research is the in 
vivo hollow fiber assay (Casciari et al., 1994; Hollingshead et al., 1995; Mi et al., 2002; Mi 

et al., 2009; Seo et al., 2001). The hollow fiber assay involves polyvinylidene fluoride 

hollow fibers containing human tumor cells that may be implanted intraperitoneally (i.p.) or 

subcutaneously (s.c.) in immunodeficient mice. Silvestrol (Figure 10A, 41) has been tested 

using in vitro, as mentioned in sub-section 4.2.1, and in vivo using the hollow fiber assay, 
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with the KB, LNCaP, and Col2 cancer cell lines. Both i.p. and s.c., respectively, in vivo 
administration in mice displayed inhibition on all three cancer cell lines used KB (11.6–

63.2%, 0–26.8%), LNCaP (14.9–82.5%, 12.4–15.7%) and Col2 (20.5–76.9%, 4.7–23.4%), 

although the inhibitory effects were more pronounced on i.p. administration. The main 

benefit of this model is that it allows that cancer cells to be in an environment that is similar 

to that of a tumor in the body and, therefore, on compound administration, the effect of a test 

natural product on the tumor would mimic that of the disease state (Hwang et al., 2004; Mi 

et al., 2009). The hollow fiber in vivo model may be followed by a standard mouse xenograft 

assay using implanted P-388 murine leukemic cells (e.g., Hwang et al., 2004).

Pancreatic cancer is in the top four most leading causes of cancer-related death. As a result, 

much effort in this area of natural product research has been put forth. α-Mangostin (Figure 

3, 29) from Garcinia mangostana (see sub-section 3.2 of this review) was tested against two 

cancer cell lines, ASPC1 and PL-45, representing a metastatic site-derived and a primary 

human pancreatic cancer, respectively. Using an ASPC1 ectopically xenografted athymic 

nude mice, at three days after preparing a xenograft, α-MG was administered (6 mg/kg/

bodyweight i.p., 5 days a week). The compound displayed inhibitory activity by a significant 

difference in tumor volume (p = 0.0033) at week eight between the control (1000 m3) and α-

MG treated (500 m3) groups. When using pancreatic PL-45 orthotopic xenograft tumors in 

athymic nude mice, α-MG-treated mice displayed an inhibitory activity of orthotopic 

tumors. At 9 weeks, the tumor weight decreased by around half the size using the same 

administration mentioned above (Hafeez et al., 2014).

Therefore, natural products cancer research has used murine animal models as a tool and as 

shown above has displayed positive results against cancer. Murine models can be used to 

measure inhibitory activity against cancer in various ways, with some being shown from the 

examples mentioned above.

4.2.2.2. Zebrafish: The use of this animal model with zebrafish (Danio rerio) has now 

become an essential part of natural products drug research. Among the less-expensive 

animal models that are being used increasingly as a substitute for murine animal models, 

zebrafish have been demonstrated to have a high homology of ~70% with human genes 

(Howe et al., 2013). An additional point that makes zebrafish as a model beneficial for 

anticancer drug research is its flexibility. Fish in general have a low occurrence of natural 

cancer formation but an elevated rate of tumorigenesis has been observed in the presence of 

carcinogenic compounds. Different areas of cancer can be researched and include, but are 

not limited to, apoptosis, tubulin binding, angiogenesis, microangiography, transgenesis, 

toxicity and others (Berghmans et al., 2005; Mandrekar and Thakur, 2009; Rubinstein, 

2006).

An example of how zebrafish have been used in plant natural products anticancer drug 

research is that of the edible Rhynchosia viscosa (Roth.) DC. (Fabaceae) plant. A methanol 

extract of this legume was subjected to in vivo bioassay-guided fractionation to determine 

the active compounds present. The zebrafish model used exhibited intersegmental vessel 

(IVS) inhibition when treated with the crude methanol fraction (50 µg/mL). This crude 

extract afforded five compounds that were also tested in vivo using zebrafish. The two most 
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active, namely, genistein and licoisoflavone, displayed IC50 values of 24.2 µM and 16.7 µM, 

respectively, when tested for antiangiogenic activity two days post-fertilization (2 dpf). 

Another experiment that used zebrafish demonstrated the anti-inflammatory effects of the 

compounds isolated from R. viscosa. Moderate leukocyte migration inhibition was observed 

when the zebrafish larvae (4 dpf) were tested with genistein and sophoraisoflavone (12.5 and 

25 µM, respectively), when compared to indomethacin (100 µM) as the positive control. The 

integration of zebrafish in in vivo bioassay-guided isolation procedures shows the potential 

versatility of this animal model since it can be incorporated to the research workflow 

effectively (Bohni et al., 2013). However, additional studies are required for the better 

utilization of this animal model in studies on plant anticancer drug discovery research.

4.3. Drug bioavailability and delivery systems

Assuring adequate compound bioavailability is another challenge in natural product drug 

development. A specific example of a natural product with bioavailability issues is the 

diarylheptanoid curcumin from Curcuma longa L. (Zingiberaceae), which has been found to 

be active in many biological studies. To improve its bioavailability, liposomes, 

nanotechnology, micelles, phospholipid complexes, and various coating materials have been 

applied to also enhance the water solubility of curcumin. Moreover, representation of the 

diverse library of compounds obtained from natural sources does not satisfy Lipinski’s “rule 

of five”, regardless of bioactivity and ADMET profile (absorption, distribution, metabolism, 

excretion, and toxicity). Hence, natural products overall lack of the Lipinski’s drug likeness 

criteria for drug leads, requiring a molecular weight less than 500 daltons, a maximum of 

five partition coefficient (log P) and hydrogen donors, and a maximum of twice as many 

hydrogen bond acceptors as the minimum amount of hydrogen donors. Adherence to 

Lipinski’s rules is recommended so that the highest bioavailability may be reached for a 

selected molecule. However, some plant-derived anticancer drugs such as paclitaxel (Figure 

1, 6) do not satisfy the Lipinski’s requirements, for example, by having greater than ten 

hydrogen bond acceptors and a large log P. Therefore, additional standard features are 

constantly under development for natural product lead compounds (Sawant and Torchilin, 

2010; Singh et al., 2016; Wang et al., 2012).

4.3.1. Micelles—Micelles are nanounits used as carriers for targeted delivery and are 

self-assembled colloidal particles that contain two components: a lipophilic center and a 

lipophobic shell (Figure 7). Micelles composed of polyethylene glycol-phosphatidyl 

ethanolamine (PEG-PE) have drawn considerable attention for clinical applications because 

of key properties such as having durability and the capacity to amass in selective areas with 

an irregular vasculature via improved retention effects and permeability (Prompruk et al., 

2005). Moreover, these micelles can be optimized to target specific ligand molecules to the 

micelle surface. Adding a surfactant or hydrophobic material to the micelle will improve 

solubility of the aggregates without affecting their stability. Micelles can also be modified so 

as to carry various contrast agents and then imaged using different modalities (Prompruk et 

al., 2005).

Micelles can serve as drug carriers in aqueous media by solubilizing drugs with poor 

solubility within the micelle core. These can also be designed so that molecules with high 
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polarity are bound to the micelle exterior and those with intermediate polarity are dispersed 

among surfactant molecules in the central positions. The use of micelles to increase 

solubilization for drug candidates improves water solubility of slightly soluble active 

principles, lowers adverse effects, improves bioavailability, enhances permeability, reduces 

toxicity, and affords positive changes in biodistribution (Kabanov et al., 2002; Kwon and 

Okano, 1999; Lin and Kawashima, 1987; Maeda et al., 2000; Yokoyama et al., 1990). Due to 

the difference in structural complexity, solubility, and their targets, different block 

copolymers have been used to make the nanoparticles for a drug lead compound. Examples 

of plant antineoplastic agents modified using micelles are paclitaxel (Figure 1, 5) from 

Taxus brevifolia and camptothecin (Figure 2, 16) from Camptotheca acuminata. For 

paclitaxel, poly(ᴅ,ʟ-lactide)-b-methoxy-polyethylene glycol and for camptothecin, 

polyethylene glycol-phosphatidyl ethanolamine (PEG-PE) have been employed (Sawant and 

Torchilin, 2010). There are a variety of different types of micelle formulations and their 

application is an active area of research that should influence greatly the use and efficacy of 

additional natural product anticancer agents in the future.

4.3.2. Nanoparticles—Nanotechnology is defined as the “engineering, characterization, 
and application of man-made structures on the scale of 1–100 nm [nanometers] in at least 
one dimension” (Grobmyer et al., 2010). Nanotechnology has been found to potentially 

improve current methods for disease diagnosis, disease-state imaging, and treatment. The 

use of nanotechnology has also been able to reduce toxicities associated with therapies in 

current use through the application of selective delivery. Nanoparticles used include carbon-

based materials, dendrimers, lipids, organometallic substances, and polymers (Alexis et al., 

2008; Cuenca et al., 2006; Pelaz et al., 2017). Selection of a particular type of nanoparticle 

will depend on biocompatibility, toxicity, size, surface chemistry, and properties of the 

biological system to be used in the evaluation. Nanoparticles may lead to improved 

effectiveness and minimal toxicity when compared with current therapeutic treatments, as 

they exhibit properties such as selectivity, specificity and affinity for both the target and the 

therapeutic agent. These small entities can be used combinatorially with a variety of 

anticancer agents, making them a desirable choice of drug formulation (Heath and Davis, 

2008).

4.3.2.1. Role of nanoparticles in drug development: Liposomes were used initially as 

nanoscale vehicles to deliver chemotherapeutic agents (Moghimi et al., 2005). Liposome 

preparations permit the improved delivery of therapeutic agents while reducing toxicity. 

Moreover, liposomes are responsive to conjugation with surfaces and selective targeting for 

specific sites (McCarthy and Weissleder, 2008; Park et al., 2004). Other nanoscale delivery 

vehicles that are currently in development include “smart polymers” that are pH and 

temperature sensitive, dendrimers, viral nanoparticles, carbon-based nanostructures, and 

polymers (Pope-Harman et al., 2007; Portney and Ozkan, 2006; Wilczewska et al., 2012). 

Combinatorial drug delivery systems have also been made possible through nanotechnology 

using nanocarriers for targeted-biological ligands, providing better efficacy, while decreasing 

toxicity, with improved localized concentrations of synergistic therapeutics (Sengupta et al., 

2005). An example from a plant source is the stilbenoid, trans-resveratrol, from Vitis 
vinifera L. (Vitaceae). This substance, a potential anticarcinogenic agent, but having only 
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limited bioavailability, has been investigated so as to deliver it using planetary ball milled 

(PBM) nanoparticles in combination with an approved anticancer agent, docetaxel, used to 

treat prostate cancer. The study included prostate cancer cells and docetaxel-resistant 

prostate cancer cells, and a combination of folic acid, resveratrol, docetaxel, and the 

nanoparticle. The formulation of folic acid,resveratrol and docetaxel-nanoparticle (3 µM 

+ 0.01 µM) led to an increase of 47.3% and 18.6% in early and late apoptotic cells, 

respectively, compared to folic acid-resveratrol-nanoparticle alone (in turn, 21.3% and 9.6%) 

against resistant prostate cancer cells. In normal prostate cancer cells, folic acid-resveratrol + 

docetaxel-nanoparticle led to a value of 50.6% in early and late apoptosis while the 

apoptosis level remained at 21.1% with resveratrol-nanoparticle alone (Singh et al., 2018). 

This study has exemplified the potential of nanoparticle formulations to significantly boost 

efficacy when compared to current modalities.

4.3.2.2. Localized delivery of nanomaterials: Imaging plays a key role for in vivo 
nanotechnology in cancer therapy, as nanomaterials are delivered to localized sites for 

different disease states such as cancer. Imaging helps to optimize applications for selective 

delivery of nanoparticles to target sites. Two general methods have been applied to achieve 

this: (i) passive targeting and (ii) active targeting (Cho et al., 2008).

The first delivery system is passive targeting that in cancer drug discovery and development 

depends on irregular gap connections found in the endothelium of the tumor blood 

vasculature to support the accumulation of nanoparticles in tumors (Maeda and Matsumura, 

1989). Overall, a small particle size favors intratumoral vessel fluid leakage (Kong et al., 

2000; Yuan et al., 1995). Hence, both particle composition and shape determine particle 

uptake and the final outcome of drug efficacy (De Jong and Borm, 2008). Passive 

accumulation of particles is better accomplished by engineering particles with long half-

lives in circulation [e.g., polyethylene glycol (PEG)] (Cho et al., 2008; Lammers et al., 

2008). A recent natural product example is that of nanoparticle delivery of the plant-derived 

carotenoid, lycopene. Oligomerized (−)-epigallocatechin-3-O-gallate (a further plant 

secondary metabolite), along with chitosan, has been used to self-assemble a nanoparticle 

containing lycopene. This nanoparticle allowed lycopene blood concentrations to reach 

higher levels when compared to lycopene alone (Li et al., 2017).

A second delivery system, which is more precise in delivery, is active targeting. Active 

targeting of nanoparticles depends on appropriate attachment to the ligand for targeted 

distribution in the tumor (Allen, 2002; Black et al., 2008). Examples of precision delivery 

units previously studied are antibodies, aptamers, ligands found on the cell surface, and 

peptides (Cho et al., 2008; Lammers et al., 2008). Targets of tumors that have been 

discovered in vivo include antigens found in the tumor, cell surface receptors that have been 

assimilated, and tumor vessel formation (Sahoo et al., 2004; Santra et al., 2005; Smith et al., 

2008). To date, precision delivery has been has not been translated successfully into the 

clinic even though it has been studied in vivo, so it may be necessary to re-evaluate how 

nanoparticles are being used (Lammers et al., 2008; Zhao and Liu, 2018). Hence, directed 

drug delivery without an increase in overall localized drug accumulation is an important area 

of development for selective targeting strategies to safely deliver the drug at the target tissue, 

particularly for cancer treatment (Kirpotin et al., 2006; Park et al., 2004).
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The complex interactions between nanoparticles and the host in addition to their general 

delivery at present is poorly understood (Carugo et al., 2016; Hood, 2004; Jabr-Milane et al., 

2008; Powers et al., 2006). Different environments could affect particle features, so 

measuring conditions is of utmost importance and should be done in an environment similar 

to that of the location of the application (Powers et al., 2006). Thus, it is essential to 

understand the principles involved in order to safely use and reproducibly utilize 

nanomaterials for human applications in the management of different illnesses, particularly 

cancer (Powers et al., 2006).

4.3.3. Antibody-drug conjugates (ADCs)

4.3.3.1. Overview of antibody-drug conjugates (ADCs): Since the initial success of 

DNA-alkylating agents such as nitrogen mustards in the early 20th century to treat cancer, 

cancer chemotherapy has been a mainstay of treatment for this disease. The main working 

principle of cancer chemotherapy is the selective killing of cancerous cells without affecting, 

or having minimal impact, on normal cells, by targeting those processes (e.g., the cell cycle) 

and components of cells that modulate growth (Chari et al., 2014; Iyer and Kadambi, 2011). 

However, selectivity itself is not enough to differentiate normal cells from malignant cells, 

and hence chemotherapeutic drugs are very commonly associated with severe types of 

toxicity. Rapidly dividing normal cells such those of the gastrointestinal tract and the bones 

are the major off-targets (Chari, 1998). Moreover, the dose required to elicit a therapeutic 

response of a cancer chemotherapeutic agent may be close to that of its toxic dose. As a 

result of this, most of the available anticancer drugs have a narrow therapeutic index (Chari 

et al., 2014). In addition, some of the most potent and effective natural product lead 

compound antineoplastic agents such as maytansine (Widdison et al., 2006), dolastatin 10 

(Maderna and Leverett, 2015), and calicheamicin γ1
I (Hamann et al., 2002), each had to be 

set aside very early in their development process because of their individual unacceptable 

severe toxicity and narrow therapeutic window.

4.3.3.2. Targeted delivery to increase selectivity and reduce side effects: A means of 

selective delivery of highly cytotoxic natural products as “prodrugs” to tumor cells has 

proven necessary in order to reduce off-target effects and increase therapeutic outcomes 

(Ducry and Stump, 2010). The discovery of a mass production method for monoclonal 

antibodies (mAbs) in 1975 paved the way to produce mAbs to selectively target antigens that 

are expressed specifically on the surface of cancer cells (Chari et al., 2014). Since then, 

many mAbs have been introduced to the clinic for the treatment of a variety of cancers and 

some of them with their targets include trastuzumab (Herceptin®; targets the antigen 

HER2), alemtuzumab (Campath®; targets the antigen CD52), cetuximab (Erbitux®; targets 

the EGF receptor) and panitumumab (Vectibix®; targets the EGF receptor) (Reichert and 

Valge-Archer, 2007). However, such mAbs are not effective in eradicating tumor cells alone, 

and thus have to be used in combination with anticancer drugs (Sievers and Senter, 2013). 

For example, standard therapies for HER2-positive breast cancer involve the combined use 

of the mAb trastzumab and various anticancer drugs such as paclitaxel, doxorubicin, or 

cisplatin (Slamon et al., 2001; Verma et al., 2012). On the other hand, it has been determined 

reliably that the specificity of mAbs can be used for the targeted delivery of cytotoxic drugs 

to tumor cells (Liu et al., 1996). This involves linking each cytotoxic drug concerned with a 
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mAb by a linker group to produce a tripartite drug called an “antibody-drug conjugate” 

(ADCs) (Figure 8) (Peters and Brown, 2015). Also known as “payload” or “warhead”, the 

cytotoxic drug can be a large molecule such as a protein or a small one including a 

radioisotope (Chari, 1998). Since the active cytotoxic drug is attached to a large carrier 

protein molecule and thus has to be released once inside the cell, ADCs can be considered as 

“macromolecular prodrugs” (Rautio et al., 2018).

4.3.3.3. The importance of conjugation: The attachment and delivery of a cytotoxic drug 

in the form of an ADC together impact three important parameters: the plasma half-life, 

specificity, and therapeutic window of the cytotoxic drug (Rautio et al., 2018). Owing to the 

conjugation and selective delivery to the tumor site, the cytotoxic payloads of the ADCs are 

relatively safe compared to when used alone, a form in which they are generally not utilized 

because of their extreme systemic toxicity (de Goeij and Lambert, 2016). Furthermore, this 

conjugation may also dramatically increase the half-life of the cytotoxic drug from a few 

hours to several days (Chari, 2008). Thus, ADCs have been developed with the aim of 

delivering a target specific lethal dose of a cytotoxic drug by taking advantage of the 

specificity, intrinsic activity, and favorable pharmacokinetics of antibodies (Chari, 1998; 

Lambert and Morris, 2017).

4.3.3.4. Important characteristics of each component of an ADC: To meet the desired 

level of selectivity, it is important that the antigen, linker, antibody and the cytotoxic payload 

of an ADC be selected carefully in each case (Figure 8). Thus, as much as possible the target 

antigens should be either tumor-specific or tumor-associated, and hence should be solely or 

preferentially expressed in high amounts on the tumor cells when compared to normal cells, 

respectively (Peters and Brown, 2015). There should also be a fine balance in the design of 

the linker to avoid spontaneous/premature release in the bloodstream but also to facilitate a 

facile and effective release of the payload once inside of the cancer cell (Chari, 2008). 

Similarly, the antibodies must have a reasonable affinity and selectivity for the target 

antigen, as high-affinity antibodies do not always guarantee therapeutic success, and, for 

example, these may cause poor penetration of the ADC into solid tumors (Tsuchikama and 

An, 2018). It is also important that the cytotoxic agent concerned should possess an in vitro 
activity in the picomolar or sub-nanomolar range (Chari, 2016; Lambert and Morris, 2017). 

In fact, one of the hallmarks of the success of ADCs has emanated from the extreme 

potencies of their cytotoxic payloads (Lambert and Morris, 2017). One reason for the 

requirement of extreme potency is due to fact that only a limited number (approximately 

1.5% of an administered dose) of the cytotoxic payload can reach the target (Teicher and 

Chari, 2011). In addition to their extreme potency, the cytotoxic lead compounds concerned 

or, in some cases approved drugs, should possess functional groups for the direct linkage to 

the antibody or should tolerate the addition of such groups by partial synthesis. Furthermore, 

the payload should have sufficient stability and optimum solubility in conditions where 

mAbs and ADCs are being synthesized and formulated (Chari, 2008).

4.3.3.5. Natural products as components of ADCs: For more than half a century, natural 

products and their derivatives have been among the major sources of drugs for cancer 

chemotherapy, and have been subjected to numerous reviews (Chin et al., 2006; Cragg and 
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Newman, 2000; Cragg et al., 2009; Cragg and Pezzuto, 2016; Kinghorn et al., 2009; 

Kinghorn et al., 2016). As discussed in sub-section 2.1, several anticancer drugs are plant-

derived natural products or their derivatives (Newman and Cragg, 2016). Furthermore, 

natural products and their derivatives are the major sources of ADCs that are used currently 

in the clinical setting (Table 4) as well as many of those in clinical trials (Mack et al., 2014). 

Most of those investigated belong to the enediyne and anthracycline anticancer antibiotics, 

the ansamitocin maytansinoid derivatives, the dolastatin and CC-1065 peptide analogs, and 

the taxane diterpenes (Lambert, 2005). Other classes include derivatives of the antitumor 

antibiotic anthramycin, the pyrrolobenzodiazepines (PBD) (Mantaj et al., 2017), and 

amantinin and camptothecin analogs (Chari et al., 2014).

In the following paragraphs, brief descriptions of each of the four currently U.S. FDA-

approved ADCs are provided. All of these contain a natural product-derived cytotoxic agent 

component. With regard to the mechanism of action, the warheads are either DNA-damaging 

agents (e.g., a calicheamicin) or tubulin disruptors (a maytansinoid or an auristatin). Those 

based on calicheamicin exhibit unique chemical features wherein three distinct but 

connected components play a crucial role in the mechanism of action: an oligosaccharide 

unit with hexasubstituted benzene ring, a trisulfide moiety, and an enediyne warhead. While 

the oligosaccharide unit serves as a delivery system by binding to the minor grove of DNA 

in a basic-specific manner, the trisulfide unit acts as a trigger that causes the enediyne 

warhead to release a benzyne diradical that attacks DNA, leading to DNA strand breaks 

(Nicolaou et al., 2009; Smith and Nicolaou, 1996). On the other hand, the maytansinoids and 

auristatins, including dolastatin 10, are potent antimitotic agents that inhibit polymerization 

of tubulin (Hamel, 1992).

The first ADC to receive FDA approval was gemtuzumab ozogamicin (Mylotarg®; Pfizer, 

Inc.) in 2000, for the treatment of acute myeloid leukemia (Bross et al., 2001). Gemtuzumab 

ozogamicin is a conjugate of the humanized IgG4 antibody hP67.6 (that targets the antigen 

CD33) with a derivative (N-acetyl gamma-calicheamicin dimethyl hydrazide; CalichDMH) 

of the extremely potent enediyne antibiotic calicheamicin γ1
Ι, linked by an acid-labile 

bifunctional hydrazone linker (Hamann et al., 2002). Calicheamicin γ1
I was isolated initially 

from the bacterium Micromonospora echinospora ssp. calichensis (Lee et al., 1987a; Lee et 

al., 1987b) and has been shown to cause site-specific DNA double-strand breaks by binding 

to DNA minor groves (Zein et al., 1988). However, after a decade of clinical use, 

gemtuzumab ozogamicin was removed voluntarily from the market by Pfizer, Inc. in 2010, 

because of a lack of clinical efficacy in confirmatory clinical trials and hepatotoxicity 

associated with a dose of 9 mg/m2 (Clarke and Marks, 2010). Later, it was re-approved by 

the U.S. FDA in September 2017, after studies indicating that a low divided dose (3 mg/m2) 

of the drug was effective with minimal hepatotoxicity (Norsworthy et al., 2018).

The second ADC approved, in 2011 (by an “accelerated approval” process), was 

brentuximab vedotin (Adcetris®, Seattle Genetics, Inc.), for the treatment of relapsed 

Hodgkin lymphoma and relapsed systemic anaplastic large-cell lymphoma (de Claro et al., 

2012). Brentuximab vedotin (also known as cAC10‑vcMMAE and SGN-35) is a conjugate 

of the chimeric antibody cAC10 that targets the antigen CD30, with monomethyl auristatin 

E (MMAE; vedotin) linked via the enzyme cleavable dipeptide linker, valine-citrulline (vc) 
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and the spacer, p-aminobenzyloxycarbonyl (PABC) (Senter and Sievers, 2012). MMAE 

(Doronina et al., 2003), as well as other auristatins (Maderna and Leverett, 2015), are 

synthetic derivatives of the extremely potent cytotoxic pentapeptide, dolastatin 10, first 

isolated from the sea hare Dolabella auricularia (Aplysiidae) collected from the Indian 

Ocean (Pettit et al., 1987). MMAE and its congeners monomethyl auristatin F (MMAF) and 

PF-06380101, are the most common auristatins used as components of experimental ADCs 

(Maderna and Leverett, 2015).

The third ADC approved in 2013 was ado-trastuzumab emtansine (Kadcyla®, Genentech, 

Inc.; Figure 9B), also known as T-DM1 and trastuzumab emtansine, used for the treatment 

of human epidermal growth factor receptor 2 (HER2)-positive metastatic breast cancer in 

those patients having been treated previously with a single or combined regimen of 

trastuzumab and a taxane derivative (Amiri-Kordestani et al., 2014). T-DM1 is derived from 

the monoclonal antibody trastuzumab (Herceptin®) that targets the antigen HER2 when 

covalently linked by a nonreducible thioether with DM1 (Lambert and Chari, 2014). The 

cytotoxic payload, DM1 (mertansine; N2′-deacetyl-N2′-(3-mercapto-1-

oxopropyl)maytansine, Figure 9A, 39), is a semisynthetic analog (Widdison et al., 2006) of 

the ansamitocin, maytansine (Figure 2, 19), which was initially isolated from the Ethiopian 

shrub Maytenus ovatus Loes. (Celastraceae) (Kupchan et al., 1972). However, it has now 

been established that maytansine is biosynthesized by endophytic bacteria that co-exist in 

the plant roots (Kusari et al., 2014). Another maytansinoid analogue, DM4 (ravtansine; N2′-

deacetyl-N2′-(4-mercapto-4-methyl-1-oxopentyl)maytansine, Figure 9A, 40), which 

contains a sterically hindered thiol that makes it more stable and potent, is also of interest as 

a component of some ADCs (Widdison et al., 2006).

Finally, the fourth and the most recent ADC is inotuzumab ozogamicin (Besponsa®; Pfizer, 

Inc.), which was approved in 2017 for relapsed or refractory B-cell precursor acute 

lymphoblastic leukemia (ALL) (U.S. Food & Drug Administration, 2017). The approval was 

based on the results of an INO-VATE ALL trial, a phase III trial designed to evaluate the 

safety and efficacy of inotuzumab ozogamicin. In this randomized two-group trial (i.e., 

inotuzumab ozogamicin vs. an investigator’s choice of standard therapy, such as fludarabine, 

cytarabine, mitoxantrone and granulocyte colony-stimulating factor), the percentage of 

complete remission shown in the inotuzumab ozogamicin-treated group was significantly 

greater than that using the standard therapy (80.7% vs. 29.4%; p < 0.001). Furthermore, 

other outcomes such as progression-free survival, overall survival, and minimal residual 

disease were superior in those groups treated with inotuzumab ozogamicin than with the 

standard group (Kantarjian et al., 2016). Previously known as CMC-544, inotuzumab 

ozogamicin is produced by conjugation of the humanized IgG4 mAb G544 to target the 

antigen CD22 with a derivative of calicheamicin γ1
I, CalichDMH, via an acid labile 

hydrazone linker (DiJoseph et al., 2004).

These successful applications of natural products as components of approved ADCs rely on 

the fact that they meet most of the requirement of cytotoxic payloads mentioned above, 

particularly their extreme potency, unusual mechanisms of action, and possession of 

functional groups such as amino, hydroxy and thiol moieties for facile attachment to 

antibodies (Gerber et al., 2013). All of the major natural product classes that are the main 
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components of ADC are known to have biological potencies comparable to known toxins 

such as ricin and diphtheria (Lambert, 2005). For example, it was the extreme potency of 

maytansine that made it attractive as a payload, although it was found in very small amounts 

in the plant of occurrence (~0.2 mg/kg) and was associated with severe toxicities (Cassady et 

al., 2004). The other advantage of using natural products as components of ADCs is that 

they can be manipulated to add groups that aid their attachment to the antibodies using 

various methods such biosynthetic engineering (Gerber et al., 2013).

4.3.3.6. Plant natural products as components of developmental ADCs: Small-

molecule constituents of plants have been used to derive potential therapeutic agents for 

many years (Balunas and Kinghorn, 2005; Cragg and Newman, 2003, 2005; Kinghorn et al., 

2011b; Kinghorn et al., 2016) and several of these plant metabolites have been developed as 

anticancer drugs prescribed to patients (see sub-section 2.1 of this review). Furthermore, in 

addition to their therapeutic uses, plant-derived natural product molecules also serve 

pharmacological tools in the elucidation of important biological pathways and targets (Bahar 

et al., 2011; Pan et al., 2009). For example, the pyrroloquinoline alkaloid camptothecin was 

pivotal in the elucidation of topoisomerase I (Topo I) as an important and viable molecular 

target (Cragg and Newman, 2004).

As referred to earlier, several derivatives of camptothecin (Figure 2, 16) are important 

components of experimental ADCs. One example is exatecan (DX-8951f, used as the 

mesylate salt; Figure 2, 18) (Mitsui et al., 1995), of which its derivative, DXd, is conjugated 

with the mAb, trastuzumab, via a protease cleavable peptide linker, to produce the ADC 

trastuzumab deruxtecan or DS-8201a (Ogitani et al., 2016b). DS-8201a contains a high 

(7.7:1) drug-antibody ratio and was shown to be active in T-DM1-resistant tumors 

(Takegawa et al., 2017) in addition to exhibiting a bystander cytotoxic effect (Ogitani et al., 

2016a). Furthermore, in a small-scale phase I trial, DS-8201a showed promising antitumor 

activities against breast and gastric or gastroesophageal cancers (Doi et al., 2017).

The active metabolite of irinotecan, SN-38 (7-ethyl-10-hydroxycamptothecin; Figure 2, 17), 

is the component of the ADC sacituzumab govitecan (also known as IMMU-132 and hRS7-

CL2A-SN-38; Immunomedics, Inc.) which was shown to be effective in vitro using cancer 

cells and in in vivo xenograft models (Cardillo et al., 2011; Cardillo et al., 2015; Sharkey et 

al., 2015) and clinical trials (Bardia et al., 2017; Faltas et al., 2016; Gray et al., 2017; Heist 

et al., 2017; Ocean et al., 2017; Starodub et al., 2015). IMMU-132 is a conjugated product of 

SN-38 with the humanized mAb, hRS7, which targets the human trophoblastic cell-surface 

antigen (Trop-2) (Cardillo et al., 2011). Interestingly, when compared to other ADCs, 

IMMU-132 comprises a moderately toxic payload (nM vs. pM or sub-nM) and a moderately 

stable pH-sensitive benzylcarbonate linker that also stabilizes the lactone of SN-38 and high 

drug-antibody ratio (7.6:1 vs. 4:1) (Goldenberg et al., 2015). A similar camptothecin-derived 

ADC that uses the same linker and payload with the humanized IgG mAb hMN-14 

(labetuzumab) that targets the antigen CEACAM5 (carcinoembryonic antigen-related cell 

adhesion molecule-5) is labetuzumab govitecan (IMMU-130 and hMN-14-CL2A−SN-38), 

which has shown promising preclinical (Govindan et al., 2015) and clinical (Dotan et al., 

2017; Sharkey et al., 2018) results.
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Another example of a potent antineoplastic molecule from a plant source that may be 

mentioned is silvestrol (Figure 10A, 41), first isolated and structurally characterized from 

the fruits and twigs of Aglaia foveolata Pannell (Meliaceae) in 2004 (Hwang et al., 2004; 

Pan et al., 2010). This compound with an unprecedented dioxanyl ring structure has shown 

promising results both in vitro and in vivo against several B-cell malignancy-related assays 

(Kinghorn et al., 2016; Lucas et al., 2009; Pan et al., 2014). Silvestrol and its close analog, 

5‴-episilvestrol, each exert their cytotoxic property by inhibiting the eukaryotic initiation 

factor eIF4A downstream in the transcription pathway (Cencic et al., 2009; Pan et al., 2010). 

This mechanism of action is similar to another cyclopenta[b]benzofuran, rocaglamide, which 

is involved in the inhibition of MEK-REK and eIF4E, upstream of eIF4A in the transcription 

pathway (Ebada et al., 2011; Pan et al., 2014). Very recently, several experimental silvestrol-

antibody drug conjugates (silvestrol-ADCs) targeting B-cell cancer have been developed 

(Pillow et al., 2017). Silvestrol ADCs were prepared by linking different antibodies (anti-

HER2, anti-CD22, anti-CD33 and others) to two different sites on silvestrol (i.e., the C-2 

and C-6′′′ positions) (Pillow et al., 2017). The results depicted dose-dependent and target-

specific antitumor activities in xenograft models. Of those tested ADCs, ADC-104 

(containing the anti-CD22 antibody, Figure 10B) showed comparable tumor stasis at 6 

mg/kg and 10 mg/kg in xenograft mice models using CD22 cells expressing BJAB-luc. The 

other silvestrol ADCs, ADC-103 (target: HER2; HER2 expressing KPL4 xenograft mouse 

model), ADC-105 (target: CD22, Figure 10C) and ADC-108 (target: CD22, Figure 10C), 

showed complete reduction of tumor size at 6 mg/kg, 3 mg/kg and 3 mg/kg, respectively 

(Pillow et al., 2017).

5. Future prospects

Natural products research, inclusive of using plants as source organisms, has developed 

considerably over the approximately last three centuries of formal scientific investigation. 

Higher plants continue to be a rich source of novel anticancer drugs and lead molecules, 

currently either on the market as U.S. FDA approved drugs or at different development 

stages, i.e., in in vitro and in vivo preclinical studies, and clinical trials. Moreover, drugs like 

certain botanical dietary supplements also offer promise of yielding new cancer 

chemotherapeutic agents, as demonstrated in this review using the two examples of 

mangosteen and noni. Furthermore, the application of contemporary techniques, such as 

hyphenated analytical techniques, like LC-MS, and LC-MS-NMR, along with molecular 

networking, has proven to be effective in the targeted identification and purification of novel 

compounds from plant sources in a systematic and cost-effective way. The use of these 

methodologies has garnered much interest lately owing to their versatility, ease of access, 

and applicability. In addition, enhanced cell (2D and 3D culture systems) and animal models 

have aided in improved biological evaluation and better clinical translation of plant 

secondary molecules to human studies. Major obstacles in natural product research and their 

development as anticancer drugs have been their low bioavailability, limited water solubility, 

and potential toxicity. Drug formulations like micelles, liposomes, and nanoparticles have 

not only improved compound solubility but have also played a key role in the enhancement 

of compound bioavailability. Another advanced strategy that has garnered much interest 

from the biomedical community is development of antibody-drug conjugates (ADCs), which 
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permit the targeted delivery of highly toxic substances inclusive of phytochemicals in a form 

suitable for patient use. This merging of traditional drug discovery methods with modern 

biotechnological techniques has stimulated a renewed interest in this field of isolation, 

purification, characterization and development of natural product molecules from plants. 

The increasing advances in biotechnological methods allow for the most efficient 

development and identification of antineoplastic drug leads and for better utilization of novel 

compounds that can be delivered efficiently to the patient.
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Abbreviations:

ADC antibody-drug conjugate

ADMET absorption, distribution, metabolism, excretion, and toxicity

ALL acute lymphoblastic lymphoma

BGCs biosynthetic gene clusters

CD22/33 cluster differentiation-22/33

CDK cyclin dependent kinase

CNS central nervous system

DAD diode array detection

ECM extracellular matrix

eIF4 eukaryotic initiation factor 4

ELSD electron light scattering detector

EMA European Medicines Agency

FDA U.S. Food and Drug Administration

GNPS Global Natural Product Social molecular networking

HER2 human epidermal growth factor receptor 2

HPLC High-performance liquid chromatography

HTS high-throughput screening

HUVEC human umbilical vein endothelial cells

IR infrared spectrometry

LC liquid chromatography
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LNCaP hormone-dependent human prostate cancer

Lu1 lung cancer cell line

mAbs monoclonal antibodies

MCF-7 human breast cancer cell line

MMAE monomethyl auristatin E

MMAF monomethyl auristatin F

MS mass spectrometry

NCE new chemical entity

NMR nuclear magnetic resonance

NSCLC non-small-cell lung cancer cell line

PBS phosphate buffer solution

PDA photodiode array detector

PEG-PE polyethylene glycol-phosphatidyl ethanolamine

ROS reactive oxygen species

SCE single chemical entity

SPE solid-phase extraction

SRB sulforhodamine B
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Figure 1. 
Plant-derived natural products used as antitumor drugs
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Figure 2. 
Examples of other plant-derived secondary metabolites and selected derivatives with 

antitumor activity
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Figure 3. 
Examples of bioactive xanthones from mangosteen (Garcinia mangostana)
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Figure 4. 
Selected chemical constituents of noni (Morinda citrifolia)
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Figure 5. 
Summary of advantages and disadvantages of using 2D cell culture
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Figure 6. 
Summary of advantages and disadvantages of using 3D cell culture
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Figure 7. 
Examples of micelle designs
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Figure 8. 
Major components of ADCs. Included is each component’s main purpose, requirements to 

be a candidate for an ADC, and some examples based on approved ADCs (Note: the 

purpose, requirements and examples stated are not comprehensive but only representative of 

the most common ones; see the cited references for additional information).
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Figure 9. 
A) Structure of maytansine and analogues (DM1 and DM4) common in ADCs. B) Structure 

of ado-trastuzumab emtansine (Kadcyla®) (Note: the n, i.e., DAR, given is an approximate 

value and may vary).
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Figure 10. 
A) Structure of silvestrol. B) ADCs (ADC-103 and ADC-104) conjugated at position 2 of 

silvestrol. C) ADCs (ADC-105 and ADC-108) conjugated at position 6′′′ of silvestrol.
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Table 1:

Examples of anticancer agents of plant origin (natural, semi-synthetic derivatives, and modified formulations) 

on the U.S. market and in clinical trials (Information taken from www.clinitrials.gov and 

www.accessdata.fda.gov)

Drug Name Source Status Formulation Primary Indication

Vincristine (Oncovin®)

Catharanthus roseus G. Don

Approved (1963) Injection

Solid tumorVincristine sulfate (Marqibo®, Vincasar 
PFS®)

Approved (2012) Nanoparticle liposomal injection

Teniposide (Vumon®)
Semi-synthetic derivative of 
podophyllotoxin (Podophyllum 
peltatum L.)

Approved (1993) Injection Lung, testicular cancer, and 
lymphoma

Paclitaxel (Taxol®)

Taxus brevifolia Nutt.

Approved (1992) Injection Solid tumor cancer

Abraxane® Approved (2005) Nanoparticle albumin injection Breast cancer

Docetaxel Phase III Injection Non-small cell lung cancer

CriPec® docetaxel
Polymeric nanoparticle of 
docetaxel Phase II Injection Ovarian cancer

Topotecan (Hycamtin®)

Semi-synthetic derivative of 
camptothecin (Camptotheca 
acuminata Decne.)

Approved (1996) Injection Ovarian cancer

Approved (2007) Capsule Small-cell lung cancer

Irinotecan (Camptosar®) Approved (1996) Injection Colorectal cancer

Irinotecan hydrochloride (Onivyde®) Approved (2015) Liposomal injection Pancreatic cancer

CRLX-101 Phase I and II Nanoparticle formulation of 
camptothecin

Solid tumor and small cell 
lung carcinoma

DS-8201a ADC of exatecan (camptothecin 
derivative) Phase II and III Injection (ADC aqueous 

solution)
Breast cancer and colorectal 
neoplasm

Omacetaxine mepesuccinate (Synribo®) Cephalotaxus harringtonii Kitam. Approved (2012) Injection (powder) Chronic myeloid leukemia

Ado-tratuzamab emtansine (Kadcyla®)
ADC of emtansine (derivative of 
maytansine (Maytenus ovatus 
Loes.)

Approved (2013) Injection (ADC aqueous 
solution) HER2-positive breast cancer

Napabucasin (GB201) Tabebuia cassinoides (Lam.) DC. Phase III Capsule Metastatic colorectal cancer
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Table 2:

Examples of repurposed plant natural product drugs or their derivatives with antitumor activity (Cragg et al., 

2014; Gupta et al., 2013; Sleire et al., 2017; Wurth et al., 2016)
a

Drug Source Presently approved drug use Cancer type
a

Phase
a Reference

Artesunate 
(derivative of 
artemisinin)

Artemisia annua L. 
(sweet wormwood)

Antimalarial Breast 1 von Hagens et 
al. (2017)

Colorectal 2

Hepatocellular carcinoma 1

IPI-926 
(derivative of 
cyclopamine)

Veratrum 
californicum Durand 
(corn lily)

None Pancreatic 1/2 Ko et al. (2016)

Head and neck 1

Digoxin Digitalis purpurea L. 
(foxglove)

Congestive heart failure Prostate 2 Wurth et al. 
(2016)

AML 1/2

NSCLC 2

Noscapine Papaver somniferum 
L. (opium poppy)

None (in U.S.A.) Refractory multiple myeloma 1 Rida et al. 
(2015)

CLL 1/2

Metformin Galega officinalis L. 
(French lilac)

Antidiabetic (type-2 diabetes) Breast 1/2 Wurth et al. 
(2016)

Lung 2

Prostate 1/2

Brain 1/2/3

Colchicine Colchicum 
autumnale L. 
(meadow saffron)

Familial Mediterranean fever 
and gout flares

Prostate 2 Miola et al. 
(2018)

Skin 2

Hepatocellular carcinoma 4

a
More information on these clinical trials is available at www.clinicaltrials.gov
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Table 3:

Examples of botanical dietary supplements in U.S. clinical trials as cancer chemotherapeutic agents

Supplement Major active constituent Mechanisms of action
In clinical trials 

for cancer type
b Phase

b References

Allium sativum 
L. (garlic) Allicin, diallyl disulfide 

a Suppression/ activation of 
multiple factors involved in 
cancer cell progression

Breast, pancreatic, 
and follicular 
lymphoma 1/2/3

Haque et al. 
(2016), 
Priyadarsini 
and Nagini 
(2012)

Curcuma longa 
L. (turmeric)

Curcumin Pleiotropic modulation of 
factors such as NF-κB, 
TNF-α, COX-2, and STAT-3

Prostate, lung, and 
colon cancer Early phase 1/1/2/3

Kotecha et al. 
(2016)

Panax ginseng 
C.A. Mey. 
(ginseng)

Ginsenosides Stimulation of apoptosis via 
inhibition of mitochondrial 
mediated-pathway

Breast, colorectal, 
NSCLC, and 
prostate cancer

Early phase 1/2/3
Roy et al. 
(2018)

Glycine max 
(L.) Merr. 
(soybean)

Genistein and daidzein Induce apoptosis by 
targeting NF-κB and Akt 
pathways

Prostate, laryngeal 
and 
hypopharyngeal 
squamous cell 
carcinoma,

1/2/3

Mazumder et 
al. (2018)

Silybum 
marianum (L.) 
Gaertn. (milk 
thistle)

Silymarin (silibinin) Inhibits NF-κB and induces 
TNF, balancing transcription 
cascade and modulator of 
STAT3

Upper GI cancer, 
leukemia, and 
hepatocellular 
carcinoma

1/2

Polachi et al. 
(2016), Cui et 
al. (2018)

Vitis vinifera L. 
(grape vine)

trans-Resveratrol Induction of natural killer 
(NK) cells, in particular 
NKG2D.

Liver, and colon 
cancer 1/2

Kotecha et al., 
(2016)

a
Information taken from www.drugs.com

b
Clinical trial examples obtained from www.clinicaltrials.gov
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